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Abstract:

Soft conducting hydrogels present a solution to many current problems in softrobotics such as electrical and mechanical compliance matching. Gellan gum (GG), a
gel-forming polysaccharide, was assessed in this project for its suitability at forming
composite materials with electrically conducting carbon fillers such as nanotubes and
nanofibres.
This research shows that GG solutions are capable of efficiently dispersing carbon
filler materials with the aid of probe sonication. Vapour-grown carbon nanofibres
(VGCNFs), however, were shown to disperse more readily than either single- or
multi-walled carbon nanotubes (SWNTs/MWNTs). Excessive sonication proved to
be damaging to electrical and mechanical properties, with nanofibres breaking and
being subsequently filled with the GG dispersant. Modified versions of the optimised
VGCNF-GG dispersion were capable of being directly written onto a paper substrate
with the aid of a commercially available fountain pen.
Cross-linked composite GG hydrogels were electrically characterised through use of
a custom-built impedance set-up. They exhibited the behaviour of a Warburg
diffusion element in series with a resistor, which allowed for equivalent circuit
modelling of impedance data to determine electrical properties. Using this
characterisation method, conducting GG hydrogels containing combinations of
MWNTs, VGCNFs and the conducting polymer Poly(3,4–ethylene-dioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) were prepared with optimum electrical
properties. It was shown that composite PEDOT:PSS-VGCNF-GG hydrogels

v

exhibited electrical conductivity values of 107 ± 6 mS/cm at a water content of 81%
(swelling ratio = 9).
The work described in this thesis serves to increase the knowledge of soft conducting
materials and the development of a new method of electrical impedance
characterisation. Recorded electrical and mechanical properties suggest that
suitability for soft robotic applications can be achieved through the methods
described in this research.
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1. Introduction

Robotics is an important and ever-expanding field of research with seemingly
endless applications ranging from remote explosives detonation
manufacturing

2

1

and car

to the assistance of autistic children 3. Currently, the majority of

robots consist of hard bodied structures using metals with conventional joints which
are actuated by motors, pneumatic or hydraulic systems. These hard components
becomes an issue when considered in more delicate applications, such as fruit
harvesting 4 and surgical assistance 5. Soft robots are a solution to this problem 6.

Recently, a need for flexible and soft electronic materials has come to the forefront
with breakthroughs in the field of soft robotics

7,8

. Early innovations in flexible

conductors used flat conductors layered with an insulating material which
progressed, by the 1950s, to etching flat conductors on flexible base materials to
replace wire harnesses 9. Current research on flexible electronics includes flexible
solar panels
devices

15

10–12

, LCD screens

13

, electronic paper

14

and paper-based diagnostic

. However, flexible electronic devices have thus far been limited to

movements with 1 or 2 degrees of freedom 16. Hence, multiple actuators are required
to achieve multiple degrees of freedom for a single device. When used in hard
robotic applications, actuator movements are generally modelled on the motion of
insects or animals (Figure 1.1) 17–20.

2
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Figure 1.1. Hard robots modelled on A) a fruit fly 17, B) a jelly fish 18, C) a water strider 19 and
D) a human hand 20.

When considering machines consisting exclusively of soft materials, numerous
challenges arise, such as structural integrity, behaviour in certain environments
(liquid, gas etc.), degradation, strength and rigidity. Since robots are largely designed
to mimic biological movements and behaviour, certain issues need to be addressed,
for example, the ability of animals to control the colour of their skin is a much
sought-after property in bio-mimetic materials

21

. Animals, such as chameleons and

certain sea creatures, rely on a dynamic camouflage for survival, mating and hunting
purposes; these colour changes are due to layers of chromatophores which lie
beneath the skin surface. Morin et al. have shown that the colour of soft machines
can be controlled by embedding microfluidic systems into the surface material which
contain various gases and liquids capable of a colour change under specific

3
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conditions

22

│1

. Haque et al. achieved a hydrogel colour changing device capable of

being tuned rapidly to the entire visible colour spectrum using mechanical
stimulation

of

stacked

micro-domain

bilayers

of

poly(dodecyl

glyceryl

itaconate)/polyacrylamide (PDGI/PAAm) 23. It has also been shown that colour could
be controlled electronically

24

, by combining polymer opals with dielectric

elastomers.

Another challenge with soft bio-mimetic robotics is mimicking natural motion

25

.

The movement of creatures such as squid and starfish have not been successfully
imitated through hard robotics. These animals rely on bending, elongating, or
contracting without a considerable change in structure volume, which is beyond the
capabilities of hard robotic technology. In nature, a complex arrangement of
elastomeric materials is required for the observed efficient motion of these creatures.
This allows a squid or octopus arm to minutely change its degree of stiffness while
being extremely pliable

26

, which in turn allows for the exertion of a great deal of

force, when desired, through rapid stiffening.

Some soft robots and stretchable electronics require energy storage devices such as
batteries. Stretchable batteries have only recently been described by Kaltenbrunner et
al.

27,28

They demonstrated a zinc-carbon gel-form battery cell which could be

stretched up to 100% its original length using a lateral array of electrodes which
prevented the gel from short-circuiting upon application of the mechanical force;
however, this restricted movement to one direction. Xu et al. demonstrated a wireless

4
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rechargeable lithium ion battery with the ability to be stretched up to 300% using
serpentine interconnects 29.

Soft robotic applications require soft materials which are mechanically suited to the
surrounding material, i.e. flexible substrates, liquids, plastics or gels. There is
currently a large focus in the field of soft robotics on mechanical compliance
matching

6–8,26,30

; that is, the idea that materials which are in direct contact should

share similar mechanical rigidity in order to evenly distribute force over an area and
minimise concentrated stress regions 8. Wearable robotic devices (Figure 1.2 A)
require materials which are soft for compliancy with the human body, electrically
conducting for device functionality, and light-weight but durable, for realistic human
applications.

Previous research has suggested that ionic polymeric conductor composites provide
suitable material properties for artificial, soft muscles

31

. Hydrogels based on

biopolymers are candidates for such materials as they are classified as soft materials
32

(Figure 1.2. C) and are promising protonic and ionic conductors. Sawahata et al.

have shown that conducting hydrogels containing poly(acrylic acid) and
poly(acrylamide) have potential applications as tactile (pressure) sensors for soft
robotics, i.e. electrical impedance with increasing pressure on the model sensor

33

.

Operation as such is possible due to their adequate conductivity and low elastic
modulus (in the “soft” region of Figure 1.2. C) 30. Since many tissues in human body
also lie in this region of low elastic modulus, conducting hydrogel materials have
been studied for a large range of bionic applications including strain sensors for soft
5
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robotics 34, drug delivery 35, scaffolds for tissue engineering

32

and neural prosthetic

interfaces 36.

Figure 1.2. Wearable robotic devices for A) assisted movement through a “2nd skin” device
(adapted from 8) and B) flexible, lightweight tactile displays 37. C) Elastic (Young’s) modulus for
various materials 8.

1.1.

Hydrogels:

Hydrogels are super hydrophilic polymer networks that do not dissolve in water, but
rather are swollen by it 38. Polymer networks come in many configurations for a wide
range of applications, these include: rigid moulded forms (e.g soft contact lenses
39,40

6

), pressed powder (e.g pills), coatings (e.g implants), membranes or sheets (e.g
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drug-delivery patch) or liquids (e.g that form gels on heating or cooling). In
particular, hydrogel engineering has opened the door for novel applications in tissue
engineering through cell scaffold design and fabrication

41,42

. The formation of such

novel materials depends not only on the ability to make gels of various shapes and
sizes but also with various mechanical, electrical and rheological properties. These
characteristics can be finely tuned and are easily changed. For example, it was shown
that the ionic conductance of hydrogel materials is density-dependent

43

.

Environmentally sensitive hydrogels, a.k.a. “intelligent” hydrogels, have been
produced where their physio-chemical properties vary in response to environmental
stimuli such as applied frequency, temperature or pH
applications in drug delivery

44

, “smart” textiles

46

44,45

. This provides potential

and camouflage technologies

47

(where adapting to the surrounding environment is essential).

Figure 1.3. Common applications of hydrogels. A) Contact lenses 48, B) wound dressings 49, C)
food thickening agents 50 and D) Conducting ultrasound gel 51.
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Hydrogels may be the result of various different cross-linking or complexation
techniques, producing either ‘physical’ or ‘chemical’ hydrogels (Figure 1.4).
‘Physical’ gels occur where there is molecular entanglement and/or ionic bonding,
hydrogen bonding or hydrophobic forces

52

. ‘Chemical’ hydrogels occur when the

molecular chains are covalently cross-linked, and are considered to be permanent or
irreversible whereas physical hydrogels are typically reversible.

Figure 1.4. Schematics of polymer hydrogels. a) Chemically cross-linked hydrogel by freeradical polymerisation of acrylamide (AAm) monomers in the presence of N,Nmethylenebisacrylamide (BIS) cross-linker. b) Physically cross-linked gel by combining alginate
and Ca2+ ions 53.

Where hydrogel materials are polyelectrolytic in nature, they can form either an
ionotropic or a polyion complex hydrogel. These are resultant when a polyanionic
molecule is combined with multivalent cations or a polycationic molecule,
respectively. Due to these mechanisms, physically cross-linked hydrogels tend to be
inherently ionically conductive to some extent. However, some ionomers such as
polyurethane were found to have low conductivity (10-7 to 10-5 mS/cm) 54.

8
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Electrical conductivity in hydrogels has been assessed using different methods. The
electrical conductivity of cross-linked PEG (poly(ethylene glycol)) hydrogels was
measured using an impedance method by Klingshirn et al.

55

They showed that the

conductivity achieved for various PEG formations, calculated from the average
inverse resistivity (fixed length) over frequency range from 0.1 Hz to 100 kHz, was
~2 mS/cm. This value was shown to be lower than bulk phase ionic liquids, which
ranged in conductivity from 2.7 to 8.8 mS/cm, whereas dehydrated PEG had no
measureable conductivity

55

. This could be attributed to the reduced ion mobility

when transitioning from a liquid to a gel, which decreases the conductivity

56

.

Similarly, Kim et al. reported a conductivity of 1 mS/cm for PVA-sulfosuccinic acid
membranes, also measured using an impedance method 57. Kim et al. demonstrated a
proton conductivity of ~10 mS/cm for a PVA-PAA (polyvinyl alcohol polyacrylamide) cross-linked hydrogel 58. These measurements, however, were taken
using a four-point probe method, which is a surface measurement rather than an
accurate analysis through the bulk of the gel.

For practical electronic device applications using conducting hydrogels to be
realised, higher electrical conductivity is required. Various steps towards this goal
have been taken. These steps include doping with strong acids, incorporation of
conducting polymers and dispersing conducting carbon fillers directly into the
hydrogel

59–61

. For example, using an acid-doping method, Pissis et. al. showed that

protonic (acid form) polyurethane had dc conductivity two orders of magnitude
higher (10-3 mS/cm) than its corresponding ionic (salt form) polymer

54

. Kim et al.

combined polypyrrole (PPy) with alginate hydrogel scaffolds to report a significant

9
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reduction in impedance
et.

al.

showed

62

that

(106 to 104 Ω at 1 kHz frequency). Aouada et. al. and Dai
the

addition

of

Poly(3,4–ethylene-dioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) to polyacrylamide (PAAm)
acid) (PAA)

63

43

and poly(acrylic

, respectively served to improve ionic mobilities by an order of

magnitude, hence increasing conductivity.

Moreover, numerous studies have shown that the addition of carbon nanotubes to
hydrogel-forming polymers has resulted in considerable increases the electrical
properties of dry films

61,64,65

. Ferris et al. reported a 2 orders of magnitude increase

in the conductivity by adding multi-walled nanotubes to gellan gum 66.

Similar promise has been shown in studies on swollen hydrogel systems; MacDonald
et al. recorded an increase from 3 to 7 mS/cm due to the addition of 4% wt singlewalled carbon nanotubes to collagen gel constructs

67

. Kang et al. showed that the

inclusion of graphene in their glucose oxidase-chitosan compound promoted direct
electron transfer between the enzyme and electrode surface creating a favourable
microenvironment for the glucose oxidase, along with decreasing the electron
transfer resistance between electrode and gel from 2250 to 210 Ω

68

. These results

suggest that incorporation of conducting fillers is a suitable method for increasing the
electrical conductivity of hydrogels. The details of conducting fillers used in this
thesis are outlined in the following sections.

10
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Conducting fillers:

1.2.1. Carbon nanotubes:

Carbon nanotubes (CNTs) are a well-known conductor which can be visualised as
rolled up cylinders of graphene, with diameters as small as 1 nm. They exist as
single- (SWNTs) and multi-walled nanotubes (MWNTs) and, depending on the
graphene vector geometry (Figure 1.5), each cylinder can possess either metallic or
semi-conducting electrical properties 69.

Figure 1.5. 2D Graphene sheet showing vectors, specific to each nanotube type). Circled dots
denote metallic nanotubes and small dots describe semi-conducting nanotubes 69. a1 and a2 are
the lattice vectors, x and y are Cartesian coordinates.

CNT synthesis techniques include electrolysis

70

, arc discharge

71

, laser ablation

72

,

sono-chemical /hydro-thermal 73 and chemical vapour deposition (CVD) 74. There are
varying types of CVD carbon nanotubes such as: hot filament, water assisted, oxygen
assisted, microwave plasma, thermal, radio-frequency and plasma enhanced 75. High

11
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temperature techniques such as arc discharge and laser ablation were first used for
CNT synthesis. However, these were overtaken by low temperature CVD techniques
as these techniques provide more precise control of the CNT properties such as tube
length and diameter range. Most of these techniques require supporting gases and
vacuum for growth. Gas-phase growth methods allow for a larger-scale production of
CNTs, making them favourable for industrial applications which require large
quantities with reproducible properties

76

. Carbon nanotube diameters usually range

from 0.4 77 to 5.8 78,79 nm for SWNTs and from 2 to at least 100 80 nm for MWNTs.
Lengths can range up to the micrometer scale, but vary greatly with synthesis
technique 81,82.

Since their discovery by Iijima in 1991 71, a vast amount of research has been based
on CNTs due to their well-known physical properties

83

. SWNTs have been

described to have current carrier mobilities of ~10,000 cm2/V·s, which is 10 times
higher than silicon and a current carrying capacity of ~4 x 109 A cm-2, equal to 1000
times that of copper or aluminium

84

. Moreover, there are equally impressive

mechanical properties such as specific strength of ~ 48,000 kN m kg−1, roughly 300
times that of high-carbon steel, making CNTs the subject of a wide range of potential
applications. For example, individual tubes have been shown to function as
semiconductors in nano-scale devices have the ability to be spun into the toughest
material (man-made or natural 85), or act as actuators, when woven into a yarn, which
have demonstrated over 1 million actuation cycles 86.

12
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Some applications of carbon nanotubes which require spanning networks have been
restricted due to entanglement and favourable formation of bundles over uniform
dispersivity. Coleman et. al. noted that single-walled nanotube bundles decreased in
size as the concentration was reduced 87. Previous studies have shown that CNTs can
be successfully dispersed with the aid of surfactants such as sodium dodecylbenzene
sulfonate (SDS)

88–90

, Triton X-100

91,92

along with many other surfactants

93,94

. In

these cases, the water-soluble surfactant coats the otherwise-insoluble CNT, allowing
them to be dispersed in an aqueous medium. Film conductivities range greatly for
different SWNTs and surfactant dispersants; Geng et al. reported figures up to 1500
S/cm 95 for SWNTs dispersed in SDS, whereas Songmee et al. measured 102 S/cm 61
when dispersing SWNTs in Triton-X-100.

Other studies have used biomolecules as dispersants for CNTs, such as
deoxyribonucleic acid (DNA)

96–98

, polysaccharides

99–102

, and numerous other

biomolecules. DNA-SWNT composite films were found to have conductivity of 30
S/cm, when cast with a 1:1 ratio of CNT and the biomolecule 64. Annealed (350 oC)
SWNT fibres cast from DNA-SWNT dispersions obtained conductivity readings of
up to 167 S/cm 98. These perform similarly to surfactant dispersants in that the long
chains wrap around the nanotubes, causing them to become hydrophilic and, hence,
dispersed. Compared to the efficiency of surfactants, it has been shown that, in
general, polymers possess a stronger surface adsorption to CNTs

103

, resulting in

better dispersivity; however, the conductivity, is often lower.
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1.2.2. Carbon nanofibres:

An alternative carbon nanomaterial which can be used as a conducting filler is
carbon nanofibres. Carbon nanofibres (CNFs) are closely related to carbon
nanotubes, both in structure and properties

104

. The CNFs used in this thesis

(Pyrograf Products) were formed via a catalytic thermal chemical vapour deposition
synthesis method with the use of a floating catalyst, which has facilitated large-scale
production of vapour-grown CNFs

105

. The structure of these VGCNFs is said to be

“cup-stacked”, or “herring-boned”, meaning their stacking morphology is one of
truncated conical graphene layers around a large hollow core 106.

As-produced VGCNFs are often coated with layers of amorphous carbon which
reduces the electrical conductivity due to low crystallinity 107. This amorphous layer
can be removed by post-treatment of the fibres with heat, which increases
crystallinity

108

and reduces short-range sheet resistivity from 1 x 10-3 to 1 x 10-4 Ω

cm, measured using a 4-point probe

107

. This is achieved by converting the

amorphous carbon to graphitic layers which run parallel to the hollow core, similar to
the walls of a MWNT (Figure 1.6). The VGCNFs used in this thesis underwent a
heat treatment at 1500 oC, which resulted in a highly graphitised outer layer of the
hollow carbon fibre. The thickness of each of these double layers varies greatly
within each batch giving an average diameter (100 nm) and average length (50 to
200 µm) which can be tuned by precise control of the synthesis conditions 106 and are
similar to MWNTs produced by catalytic chemical vapour deposition 109.

14

1│

Introduction

Figure 1.6. A) Schematic and B) a transmission electron micrograph of a double-layered
VGCNF. Both adapted from 110.

Carbon nanofibres have potential applications as gas sensors

111–113

. Zhang et al.

proposed VGCNFs as a suitable candidate for a carbon filler in gas sensing polymers
following research on MWNTs, which proved difficult to disperse in polystyrene 111.
The VGCNFs provide electrically conducting pathways through the polymer,
allowing the resistance response to be recorded as a function of vapour exposure.
Sensors containing VGCNFs, carbon black and polystyrene were shown to be highly
sensitive to a range of organic vapours including: toluene, benzene, N-hexane,
carbon tetrachloride and ethyl acetate

112

. Another application for carbon nanofibres

lie in the automotive industry, including as a conducting filler in electrostatic paint
and electro-magnetic shielding

114

. Donohoe et al. have demonstrated a 40 dB

electro-magnetic shielding effectiveness at 200 MHz for a VGCNF-vinyl ester
composite

115

. Averett et al. also showed that VGCNFs could be used to reduce

polymer fatigue in car tyres by acting as a reinforcement matrix for poly(ethylene
terephthalate) 116.
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These applications and many more are due to the favourable electronic and
mechanical properties associated with graphitic materials

117

. Recent research has

focused on dispersing VGCNFs into various polymers including poly(styrene) (PS)
111

, poly(propylene) (PP)

118,119

and poly(methyl methacrylate) (PMMA)

120

using

high-shear stirring methods. It has been shown that using a sonication bath followed
by high-speed mechanical stirring is a better dispersion method for VGCNFs (in an
epoxy) compared to dispersing in a solvent or surfactant

121

. The reported electrical

conductivity values for these composite materials ranged from 0.01 S/cm (PMMA
composite, 10% w/w VGCNF) to 2 S/cm (PP composite, 60% w/w VGCNF)
111,119,120

.

One issue which is commonly debated in relation to the potential applications of
nanomaterials is that of the toxicology of CNTs and VGCNFs. With aspect ratios up
to 100 times larger than asbestos, by definition, they are considered to be
carcinogenic when implanted into the pleural cavity 122. Diseases caused by exposure
to hard, high aspect ratio materials include: pulmonary fibrosis, bronchogenic lung
cancer, malignant mesothelioma and pleural plaques 122. As such, there are many ongoing and inconclusive studies into the toxicology of carbon nanomaterials

123–125

.

Processing of CNTs into liquid dispersions, gels and solid films is thought to be a
solution to the toxicology problem by removing the associated air-borne inhalation
risks and large aggregated nanotube clumps 126,127.
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1.2.3. Poly(3,4–ethylene-dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)

Another route to preparing hydrogel materials with desirable electrical conductivity
is with the incorporation of intrinsically conducting polymer liquids or gels.
Conducting polymers (or intrinsically conducting polymers) can be defined as
organic polymers which conduct electricity. Three types of conducting polymers can
be described: electron conducting, proton conducting and ion conducting

128

.

Conjugated conducting polymers carry electrical current through overlapping
delocalised sp2 orbitals

129

. This can occur when the polymer is doped through

oxidation (or reduction) to remove (or add) electrons from the delocalised band

130

.

Hydrogel-forming polymers and ionomers are both families of protonic conducting
polymers, where protonic conduction mechanisms were found to depend on polymer
chain mobility within hydrogels and ionomers

54

. Cross-linked hydrogels conduct

ionic charges through charge carrier diffusion mechanisms

131

. Conducting polymers

are well-known materials which can be used as a conducting filler to fabricate
flexible conducting composites

132

. For example, it has been found that the use of

conducting polymers has enhanced the lifetime of neural implants

36

by reducing

localized tissue damage.

Poly(3,4-ethylenedioxythiophene)

(PEDOT)

possesses

several

advantageous

properties over other conducting polymers such as a low oxidation potential,
moderately low bandgap (1.5-1.6 eV
state

134

133

) and good stability when in the oxidised

. Both electrochemically and chemically prepared PEDOT are reported to

have high electrical sheet conductivity (400-600 S/cm

134

), however, its extremely

17
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low solubility prevents many practical applications. To solve this problem, EDOT
monomers are polymerised in the presence of water soluble polyelectrolytes such as
poly(styrenesulfonic acid) (PSS). The resulting PEDOT:PSS is a linear, π-conjugated
conducting block copolymer (Figure 1.7), which is a dark blue, aqueous polymer
which has been used in applications such as humidity and temperature sensors

135

,

anti-static coatings 136 and actuators 133.

Figure 1.7. Molecular structure of PEDOT:PSS block copolymer containing EDOT (left) and SS
(right) alternating repeat units.

PEDOT:PSS has been found to be a suitable potential alternative for the rare and
expensive indium tin oxide (ITO) glass as thin transparent conducting films due to its
lightweight, flexible, inert nature 137. However, devices containing only PEDOT:PSS
as a conducting filler have not been properly realised due to the low charge carrier
mobility (2 cm2/V·s) in liquid state
12,134

137

and low thin film conductivity (0.1 - 5 S/cm)

. Cloots et al. showed film conductivity to be increased 3 orders of magnitude

when treated with compounds such as N-methyl-pyrolidone

138

. Further studies have

shown that the addition of small quantities of a polyalcohol such as 6 % wt glycerol
to a thin PEDOT:PSS film (1 µm thick) resulted in a 5-fold decrease in sheet
resistance from 2.6-2.9 kΩ/□ to almost 600 Ω/□ 139, without loss of transparency.

18
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As an approach to remedy the downfalls of PEDOT:PSS such as a decreased
conductivity, conducting carbon fillers have be introduced to increase the number of
percolative networks in liquid and solid samples. The low viscosity and anionic
nature of commercial PEDOT:PSS dispersions suggest suitability as a dispersant for
conducting carbon fillers. This would, theoretically create a composite conductor,
without first dispersing the CNTs/VGCNFs in a low conductivity dispersant,
followed by complexation with PEDOT:PSS solution.

Composite dispersions containing conducting polymers and carbon fillers are under
scrutiny for potential applications such as transparent conductors, photovoltaics,
transistors and inverter devices 28,140,141. The commonly used technique for preparing
composites containing the conducting polymer PEDOT:PSS and conducting carbon
fillers such as CNTs is to disperse the CNTs into a surfactant (or other common
dispersant) followed by mixing with the PEDOT:PSS dispersion

142,143

. However, as

has been noted by Najeeb et al. and Yun et al., PEDOT:PSS can act as a suitable
dispersant and a matrix polymer simultaneously for preparing CNT-PEDOT:PSS
dispersions

144,145

. This serves to reduce the volume fraction of water in subsequent

composite dispersions and can also reduce the CNT-CNT junction resistance

146

.

This occurs due to the large PEDOT:PSS polymers creating conducting channels of
CNTs upon drying 146, as shown in Figure 1.8.
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Figure 1.8. Schematic representing the dispersing and subsequent drying of PEDOT:PSS
(circles) – carbon nanotube (lines) dispersions (adapted from 146).

For most applications of hydrogels containing electrically conducting fillers such as
CNTs, VGCNFs and PEDOT:PSS to be realised, first a uniform mixture or
dispersion of the hydrogel polymer chains and fillers must be prepared.

1.2.4. Composite dispersion processing:

Due to the tendency for carbon nanostructures to tangle and aggregate

13,147,148

,

intense sonication energy is required for preparation of a uniform composite
dispersion. Probe (a.k.a. horn or tip) sonication is used to agitate a solution by the
formation and subsequent collapse of bubbles, known as acoustic cavitation

149

(Figure 1.9). A draw-back of using probe sonication for dispersing conducting fillers,
however, is that it has been shown to damage the structure of the nanotubes
and the dispersant matrix

153,154

149–152

. The process of these bubbles collapsing causes

surrounding fluid to rush into the cavity, creating a high shear, which has been
shown to break (damage) the nanotubes 155.
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Kuijpers et al. demonstrated that the acoustically induced scission of polymethyl
methacrylate chains occurred non-randomly near the centre of the polymer’s length
154

. Furthermore, the scission rate was shown to depend quadratically on the

molecular weight, supporting the central occurrence of the chain breaking point. This
principle has been utilised to target weak bonds in polymer chains for the production
of macroradicals and coordinately unsaturated metal complexes

156

. The mechanical

effects of ultrasound have also been used as an alternative method for initiating
radical polymerisation through the decomposition of a solvent to a radical or polymer
scission to form macroradicals 156.

Hennrich et al. showed that the length (l) of SWNTs decreased with increasing
sonication time (t) according to l ≈ t-0.5

157

. This effect has been implemented by

other researchers for accurate length control of nanotubes through sonicator power
control

150

. Therefore, it is important to find a suitable sonication treatment which is

efficient at dispersing the desired nanomaterials without doing excessive damage to
them, or the dispersant.

Figure 1.9. Mechanism of bubble growth and subsequent collapse during sonication 158.
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By measuring a full absorbance spectrum of the dispersion for each sonication time,
an increase in absorbance can be observed as a function of input sonic energy. A
wavelength at which the dispersant does not absorb is chosen to plot the absorbance
versus input sonic energy. Where the absorbance becomes independent of energy, i.e.
where the trend plateaus, the dispersion is deemed to be completed. Absorbance
spectroscopy is a frequently used technique to analyse the dispersivity of
nanomaterials by sonication in their dispersant liquids

65,149,159

. UV-vis-NIR

absorbance spectroscopy can be supported by light microscopy analysis of
dispersions during the sonication process. In this case, light microscopy is used to
assess the presence and size of visibly aggregated solids. The sonication time at
which visible aggregates disappear in combination with the above mentioned plateau
is used to determine the time required to achieve complete dispersion.

1.3.

Film processing techniques:

There are a wide range of techniques available to prepare films from composite
dispersions. Drop-cast films and buckypapers are free-standing, whereas direct
writing (pen on paper or printing) films are attached to (and embedded in) the paper
substrate. Techniques for preparing each composite film type are outlined below.
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Figure 1.10. Schematic of experimental techniques for preparing A) drop-cast films, B)
buckypapers and C) direct writing patterns.

1.3.1. Drop-cast films:

Simple evaporative methods can be used to make composite drop-cast films, which
are attached to a substrate

160

. These include techniques such as ultrasonic spraying,

airbrush spraying and, more commonly, microsyringe deposition

161,162

, which aim

for a uniformly thin layer of composite material deposited onto the substrate, often
with a high optical transparency. Since only the solvent evaporates, the resultant film
will contain both the conducting filler and the dispersant material. Hence, the
physical properties of the dispersant material in its solid form must be considered
when engineering the film-forming dispersion. For example, films cast for the
application of transparent conductors must contain a dispersant which is conductive
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and has a high degree of optical transparency when dried. Similarly, flexible
electronic applications need to consider the mechanical properties of the composite
dispersion material when in the solid state.

Films prepared with drop-casting techniques are used for a wide range of
applications including chemically modified electrodes
transistors

164,165

transistors

168

, self-assembled monolayers

and thin film solar cells

169

166

163

, organic light-emitting

, anti-static coatings

167

, thin film

. For the preparation of free-standing drop-

cast films, the composite dispersion is poured into a mould, where the liquid
dispersant is evaporated in a controlled manner. Previous studies have utilised this
film preparation method for high CNT/CNF-content film formation

121,170

and there

are numerous examples of preparing composite films from CNT-polymer dispersions
171–173

for solid-state (dry) CNT applications.

1.3.2. Buckypapers:

Films prepared by vacuum filtration of dispersions are referred to as buckypapers.
These films consist of an entangled CNT network held together by van der Waals
forces in a thin, planar mat arrangement 174. Buckypapers differ from drop-cast films
in that the dispersant is partially (or completely) removed by the filtration process.
This depends on variables including the pore size of the filter membrane, vacuum
pressure and molecular mass of dispersant 174.
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Buckypapers are highly porous membranes with pore size ranging from 1-10 nm to
over 100 nm in diameter, depending on liquid dispersant

174

. They were originally

created as a method of dealing with carbon nanotubes, which tend to tangle and
aggregate, and to remove any liquid dispersants

175

. Buckypapers are now prepared

for a wide range of applications such as electromagnetic interference (EMI)
shielding, electrostatic paint, water filtration and flexible electronics

61,92,140,176

. One

such application is light-weight mechanical reinforcement for cars or airplanes, since
CNTs are often hailed for being lighter and stronger than any polymer based material
177

.

Coleman et al. reported significant reinforcement of polymers with the addition of
SWNTs and MWNTs. Interestingly, MWNTs outperformed their counterparts in half
the measured categories 172. Gonnet et al. have noted that high nanotube alignment in
buckypapers is essential for good thermal conductivity

178

. They showed that

magnetic alignment increased thermal conductivity of SWNT buckypapers from 20
to 40 W/mK at 300 K, suggesting suitability for applications such as heat sinks and
thermal shielding for military aircraft 179.

Other potential applications include reinforcement for electrically conducting
materials and several potential bionic applications. Sweetman et al. demonstrated
how buckypapers could be used as bacterial filter membranes for selective removal
of E. coli from water samples 92.
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1.3.3. Direct writing:

Direct writing techniques involve embedding a composite dispersion into an
absorbent paper substrate

180,181

; hence, conducting filler, dispersant and substrate

materials need to be taken into account when considering potential applications
181,182

. Recent developments have examined direct writing on conducting paper

substrates as a potential low-cost, flexible alternative for disposable electronic
devices such as foldable circuit boards and microfluidic paper-based electrochemical
devices (µPEDs)

183–185

. µPEDs have been shown to be capable of quantifying the

concentration of analytes in various aqueous solutions including biological fluids
such as urine, blood and serum

183,186–190

. This opens up the use of µPEDs in a vast

range of low-cost paper-based diagnostic devices such as pregnancy, blood sugar,
pathogen and drug tests

113,191,192

. Barr et al. showed that paper based substrates cost

~1000 and ~100 times less than their glass and plastic counter-parts, respectively 193.

This has led to the development of pen-on-paper (PoP) electronics. For example,
Lewis et al. utilised a standard ball-point pen filled with conducting ink to create
electronic devices such as circuitry for light emitting diodes (LEDs) on standard
paper

180

(Figure 1.11 A and B). This technology has opened the door for a

commercially available pen for drawing conductive patterns, the “Circuit Scribe” 194.
Specific controlled flow (rheological) characteristics are required for an ink to be
suitable for PoP electronics, i.e. it should readily flow during writing, without
coagulation in the pen, but stop flowing when writing ceases.
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Figure 1.11. A) Conductive electronic art drawn by a silver-ink filled ballpoint pen on paper,
arrows indicate battery connects. B) Flexible paper display containing an LED array (25x16) on
paper, connected by conducting ink. Adapted from 180. C) Conductive writing powering an
LED, drawn by the Circuit Scribe pen 194.

It has been shown that the resulting feature size of the written lines depend on the
pen speed along with the physical characteristics of both ink and paper substrate

195

.

Usually, the paper substrate must have a non-negligible friction for the ink to flow
from pen to paper, i.e. it is not possible to draw patterns onto low friction substrates
such as glass or silicon. As mentioned above, direct writing tracks on an absorbent
substrate such as paper are not free-standing, rather, the ink absorbs an into the
substrate and is bound to the collagen fibres, which hampers characterisation
techniques which require knowledge of the cross-sectional area of the conductor,
such as electrical conductivity measurements. Where surface techniques such as
profilometry are not sufficient Mire et al., for example, showed that spectroscopic
measurements in combination with cross-sectional analysis allowed for estimation of
cross-sectional area 196.
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The hydrogel forming polymer, gellan gum, was used as a dispersant for conducting
fillers in this thesis. It was employed in the preparation of dispersions for soft
conducting hydrogel electrodes and inks for flexible, conducting pen-on-paper
patterns. Properties, synthesis details and applications for this biopolymer are
outlined in the following section.

1.4.

Gellan gum:

Gellan gum (GG) is a linear anionic polysaccharide produced by a fermentation
process of the bacterium Pseudomonas elodea

197–199

. It is composed of

tetrasaccharide repeating units of D-glucose, D-glucuronic acid and L-rhamnose in a
molar ratio of 2:1:1

200

(Figure 1.12. A). GG is a hydrogel-forming biopolymer,

commonly used in the food industry as a rheological thickener

197

. It has been

granted Food and Drug Administration (1969) and European Union approval (E418)
for its use as a food additive.
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Figure 1.12. Molecular structure of A) high-acyl and B) low-acyl gellan gum biopolymer, M+
represents a cationic metal. C) Schematic representation of random coil to double helix
structure transition with heat and cationic addition (adapted from 197).

A number of steps are required to obtain a low/high acyl gellan gum product from
the pseudomonas bacterium (Figure 1.13).The fermentation process is carried out in
a complex salt medium, which varies slightly between different research groups
adapted from the original recipe developed by Kang et. al.

199

201

,

. All media used are

similar to formulations used for the production of other microbial biopolymers in that
they are characterised by a high C:N ratio and provide a complex medium, supplying
vitamins to enhance cell growth 201. Lobas et al. reported the following conditions for
a 50-60 hour production process: 10% v/v inoculum volume, 30 oC, pH 7

202

;
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however, other fermentation times were reported at shorter timeframes. The
conversion of native gellan to low-acyl gellan gum was reported at only 55 %
efficiency by Kang et al.

199

, which was a low yield compared to other microbial

polysaccharides such as pullulan

203

or xanthan

204

. After a successful fermentation

process, the gellan gum is pre-treated to kill the bacterial cells and deactivate the
enzymes, followed by filtration (or centrifugation) for extraction. This process results
in a deacetylated polymer with the improved gelling properties of gellan gum 205.

Figure 1.13. Flow diagram of the recovery of low-acyl gellan gum (adapted from 205).

Upon hydrating and subsequently cooling the low-acyl GG, a conformational change
occurs from the single-stranded disordered coil state to the double-stranded helical
structure
30

197

. This conformational change occurs at roughly 35 oC and results in a

1│

much higher viscosity

201

Introduction

. Rigid gels are formed by cross-linking GG with cations

while heating and subsequently cooling the gel. However, it has been noted that
divalent cations such as magnesium and calcium are more effective cross-linkers as
gelation occurs at a higher temperature

197,206

. Other researchers found that the sol-

gel transition point occurred at ~39 oC, below which temperature, gels were formed
after just 20 seconds

207

. Morris et al. have noted that the gelation temperature of

low-acyl gellan gum can be tuned with varying salt concentration 197.

Kang and Smidsrød showed that there was no change in the resultant gel strength
when comparing between different group II divalent cations (Mg2+, Ca2+, Sr2+, Ba2+),
however, divalent cations of transition metals (Zn2+, Cu2+, Pb2+) were shown to result
in more rigid GG hydrogels 206. It was shown that Pb2+ ions produced a cross-linked
GG (2% wt) with rigidity (elastic modulus) of 600 kPa compared to a hydrogel
cross-linked with Ca2+ ions, which exhibited a rigidity of 400 kPa. The de-acetylated
form of GG results in hard and brittle thermo-reversible gels, whereas soft and
flexible gels are resultant from acetylated GG, which allows for tuning of the
mechanical properties by controlling the degree of acetylation 199.

The functional properties of GG hydrogels include: mechanical versatility, stability
to heating or pH changes, flexibility of setting/melting point, high transparency,
dispersibility and compatibility with other polymers

201

. Oliviera et al. reported

compression storage modulus of 80 kPa for a 1% wt GG with CaCl2 cross-linking
agent

207,208

. In contrast to this, Shin et al. showed that double network (DN) GG-

gelatin methacrylate hydrogels, prepared for the application of load-bearing tissue
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scaffolds such as cartilage, produced compressive failure stress of as high as 6.9 MPa
209

. Changing chemical parameters has been shown to have impact on physical

characteristics, for example, the transparency increased with decreasing pH (7 to 2.5
197

).

Aside from its widespread application in food and cosmetics, GG's unique
suspending (dispersing), gelation and rheological properties have been used in the
processing of conducting carbon fillers such as single-walled carbon nanotubes,
multi-walled carbon nanotubes and graphene

59,61,102,210,211

. In particular, Pidcock et.

al. showed that MWNTs could be efficiently dispersed in GG solutions using lowenergy probe sonication 102.

Free-standing films such as buckypapers were prepared by vacuum-assisted filtration
of composite dispersions of either single- or multi-walled nanotubes in GG

61,210

.

Graphene containing films and hydrogel films were prepared by combining graphene
dispersions with GG solutions, followed by evaporative casting and re-hydration
GG has also been used to prepare aligned carbon nanotube films

211

59

.

. Recently, it has

been shown that gellan gum can deliver the necessary window of ink flow properties
required for extrusion printing of conducting gellan gum-nanotube inks

102

. Pidcock

et al. showed that the viscosity of non-cross-linked GG could be easily tuned as a
function of temperature and concentration to give a range of values between 1 and
1600 mPa·s at a shear rate of 20 s-1. This opens the door for printing techniques
which require non-negligible viscosities 212.
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As mentioned previously in section 1.1, conducting carbon fillers can be dispersed
using hydrogel forming polymers using techniques such as sonolysis. Composite GG
dispersions have the potential to be cross-linked to prepare rigid, conducting
hydrogels. For successful dispersion by sonication, the dispersant concentration must
be below the non-cross-linked dilute/semi-dilute transition point. If above this
transition point, polymer mobilities are significantly decreased, which in turn
decreases the dispersion kinetics. However, for it to be possible to directly cross-link
the hydrogel composite dispersions, the polymer concentration must be above the
sol-gel rheological percolation concentration. Another important consideration with
regards to sonication is the inherent polymer chain shortening associated with long
sonication times, as mentioned in section 1.2.4. This chain shortening corresponds to
a decrease in viscosity and a reduction in the structural integrity of subsequent crosslinked hydrogels formed from these dispersions.

This issue can be overcome through mixing fresh, concentrated polymer solution
with the dispersion (post-sonication). This approach was used by Pidcock et. al. in
the preparation of a GG composite dispersion with suitable flow properties for
extrusion printing

102

. They reported that the addition of 6.67 mL of a 0.5 % wt GG

solution to a MWNT-GG composite dispersion (which had been sonicated for 30
minutes) increased the viscosity from ~10 to 600 mPa·s at a shear rate of 50 s-1. This
mixing approach, however, results in additional water being added to the composite
dispersion which in turn leads to a decrease in electrical conductivity due to the
reduction in concentration of conducting components.
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Characterisation of Solutions, Dispersions, Films and Gels

This section outlines the characterisation techniques which are used to evaluate
liquids, hydrogels and dry films, i.e. GG solution, GG cross-linked gels, composite
dispersions containing gellan gum, CNTs, VGCNFs and PEDOT:PSS, free-standing
films and direct writing patterns.

1.5.1. Rheology

Rheology may be described as the study of the flow properties of a liquid or the
deformation behaviour of a solid material. All forms of shear behaviour are outlined
as being between the two extremes of the flow of an ideal-viscous liquid and the
deformation of an ideal-elastic solid

213

, with very few known materials being

perfectly described by either one of these terms. Hence, all materials can be
described as being “viscoelastic” in nature, a complex combination of these two
extremes.

“Rheometry” is the measuring technology used to determine rheological data and
refers to the measuring systems, instruments and analysis methods

214

. Viscoelastic

materials can be measured using both rotational and oscillatory rheometry. Various
shear parameters can be controlled and measured when using a rheometer. These
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include: viscosity (η), velocity ( ), shear stress ( ), shear rate ( , angular frequency
(ω), dynamic modulus (G), force (F) and temperature (T). These parameters are
related to each other as per the following equations:
(1.1)

(1.2)

!

"

" # $ %"′′,

(1.3)

(1.4)

where "’ and "’’ are the shear storage and loss moduli, respectively. The shear
storage modulus is a measure of the deformation energy which is stored by the
sample during the shear process, i.e. a material which stores the whole deformation
energy would be described as being perfectly elastic. Thus, G’ describes the elastic
(or solid-like) behaviour of a test material. Conversely, the shear loss modulus is a
measure of the deformation energy which is used up by the sample during the
shearing process. When a material flows, partially or completely, the energy used
will be lost once deformation is complete, i.e. a material which loses the whole
deformation energy to flow mechanics would be described as being perfectly
viscous. Thus, G’’ describes the viscous (or liquid-like) behaviour of a test material.

By measuring the dynamic modulus for a viscoelastic material at a varying shear
stress (or strain), a number of important parameters can be inferred. Figure 1.14
shows a typical plot for a hydrogel. One significant feature is the shear stress region
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where the storage and loss moduli are constant; this is referred to as the linear
viscoelastic (LVE) region. The presence of this region is indicative of complex
material which is in a solid state if G’ > G” or in a liquid state if G” > G’. The relative
positions of the storage and loss moduli in the LVE region are used to gain insight
into the nature of the material under investigation. For example, the higher the G’
value in the LVE region, the stronger, or more resistant to a shear stress, a material
is.

The shear stress/strain at which the LVE region ends, indicated by a broken line in
Figure 1.14, is where the polymer networks begins to break down and no longer
resists the shear force. The typical increase in loss modulus, which represents the
liquid-like component, represents the breaking and subsequent flowing of polymer
chains over each other. The point at which G’ = G” is known as the sol-gel transition.
In terms of a hydrogel, this point corresponds to the condition (temperature, shear,
time) at which the material is transitioning either from a solution to a gel or vice
versa.
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Figure 1.14. Dynamic modulus as a function of shear stress for a viscoelastic hydrogel material.
Vertical broken line indicates the end of the LVE region, intersection of storage and loss moduli
indicate the sol-gel transition point.

By measuring the sol-gel transition point as a function of various gelation conditions
(temperature, pH, cross-linker concentration, time), it is possible to pin-point
gelation using rheology. While varying the temperature and rheologically measuring
the viscoelastic parameters (dynamic modulus, creep, phase shift), Tempel et al. were
able to record the sol-gel transition point as a function of cross-linking concentration
215

. Similarly, Li and Aoki showed that rheology could track the sol-gel transition

conditions of a PVC (poly(vinyl chloride)) hydrogel as a function of polymer
concentration 216.

Rheology can also be used to assess the flow behaviour of liquids, such as composite
dispersions. By assessing the viscosity as a function of shear rate, a fluid can be
deemed to be Newtonian or non-Newtonian depending on the shape of the trend.
Many commonly used fluids are non-Newtonian, shear thinning/thickening liquids,
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such as: ketchup, paint, corn-starch, toothpaste and blood. An example of a viscosity
versus shear rate dependence of each type of fluid is shown in Figure 1.15. Where a
shear thinning or thickening effect is reversible and time-dependent, it is known as a
thixotropic or rheopectic material, respectively. To quantify the shear thinning
behaviour of a fluid, the following equation can be applied to a flow curve:
'

()

,

(1.5)

where K is the “consistency” and n is the power law index which relates to the
deviation of the fluid from Newtonian behaviour. Where: n = 1, the fluid is
Newtonian, n > 1, the fluid is shear thickening and n < 1, the fluid is shear thinning.

Figure 1.15. Viscosity as a function of shear rate for a perfectly viscous (A), shear thinning (B)
and shear thickening (C) fluid.
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1.5.2. Mechanical Characterisation

It is important to know a material will deform under mechanical forces and how it
will break as a function of force, extension, temperature and time. Mechanical
analysis of dry films and wet gels can be performed in various modes including
compression, tension, torsion and indentation.
Through compression and tensile testing, the force is measured for an increasing
displacement, allowing for a large range of parameters can be calculated. These
/0

include: stress (σ), strain (ε), Young’s (or elastic) modulus (E), creep ./1 , strength
(σf) and ductility (εf); which can be quantified using the following equations, where
strength is the stress at failure and ductility is the strain at failure:
34567
,
8579

(1.6)

;%<=>967?7@A
,
"9BC7 >7@CAD

(1.7)

2
.
:

(1.8)

2

:

E

A typical force-displacement curve of a weak hydrogel is depicted in Figure 1.16.
Using the cross-sectional area, A, and gauge length of the gel, l, the stress and strain
at any given point can be calculated. The slope of the elastic region is used along
with equation 1.8 to calculate the elastic modulus (E) for a given material. In a
tensile experiment, the elastic modulus is calculated over the initial linear part of the
stress-strain curve; whereas, in a compression experiment, the elastic region is more
39
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arbitrarily selected due to the J-shape of the stress-strain curve. The point of
mechanical failure is used to calculate the strength and ductility of the material.

Figure 1.16. Force vs displacement for a weak hydrogel under mechanical compression.

Compression and tension analysis are the more commonly used mechanical testing
modes, however, an issue arises with compressive mechanical analysis of hydrogels
due to the large number of measurement variables used, including: gel shape and
size, confinement of outer edges, compression rate, compressive implement shape
and size, temperature, pH, fluid medium (air or liquid bath) and surface texture
220

217–

. Since a slight change in any of the listed variables affects the resultant calculated

properties, it becomes difficult to compare compressive mechanical characteristics
with results in the literature.

The compressional storage modulus, E’, can be related to the rheological storage
modulus, G’, by using the Poisson ratio, υ, of the material according to the following
equation:
E#
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Meyvis et al. showed that some of the errors which occur during compression testing
can be eliminated by using the Poisson ratio and extrapolating data back to zero
shear and comparing results with oscillatory rheology 221.

Tensile testing of hydrogels requires that they be of a suitable strength so that they
can be clamped between the grips of the measurement apparatus; this rules out most
high water-content single network hydrogels, due to their inherent weakness and loss
of water upon application of pressure. It is, however, used to evaluate the mechanical
properties of dry film samples.

1.5.3. Electrical Conductivity of Dry Films

Electrical conductivity (σ) is a measure of the ability of a material to carry an
electrical current. It is the reciprocal of resistivity and usually describes a material of
uniform cross-sectional area. It can be described by the following relation:
>
,
K∙8

2

(1.10)

where l is the sample length, R is the resistance and A is the gel cross-sectional area.
Resistance values are calculated using Ohm’s law, where voltage (V) and current (I)
are linearly dependent according to:
M

NK

(1.11)
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When measuring the resistance of a sample, there are two components to be
considered; the resistance due to the sample itself (RS) and the contact resistance
(RC). Contact resistance arises from the leads, wires, internal resistance of
instruments and, most importantly, contact between the sample and electrodes. It can
be seen as being a resistor in series to the ideal contact

222

, i.e. the sample. It is

important to minimise this contribution where possible.

The conductivity of a dry film is often quantified by two different techniques; fourpoint probe 223 and two-point probe 65,210 resistance measurements (Figure 1.17). The
four-point probe method is a surface technique, i.e. the current-voltage (I-V)
characteristics are recorded using a probe which is in contact with the sample
surface. As the name suggests, four probes are utilised; two apply and measure the
current while the other two measure the voltage drop across the sample

223

(Figure

1.17 A).

Contact resistance between the electrodes and the sample is practically eliminated
during four-point probe measurements 224. The four-point probe is particularly suited
for systems with long-range conductivity variations compared to the electrode
spacing

225

. Probes can be oriented in several ways, provided it is accounted for in

the conductivity calculation. For example, probes can be set in a square, which
would require the calculation to include the area of the square 226.
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The two-point probe method has the capability of being a bulk technique, depending
on contact method, i.e. the I-V characteristics are measured through the whole depth
of a sample with uniform thickness as a function of length. It is more suitable than
the four-point probe method for measuring long-range conductivity, rather than a
short-range measurement with large variations throughout the sample 227. Hence, it is
the technique of choice for this research, giving accurate bulk readings for material
conductivity. Bulk measurements have been shown to vary greatly from surface
techniques due to bulk reductant inhomogeneity

227,228

; therefore, difficulties arise

when comparing results measured through different methods.

Figure 1.17. Circuit diagrams of A) four point and B) two point probe conductivity
measurement system

By measuring the total resistance (RT) of the sample as a function of sample length
(l), it is possible to calculate the conductivity and contact resistance (RC) in a 2 point
probe conductivity measurement according to:

K

>
$ KR
28

(1.12)

The conductivity of a wide range of composite thin film samples have been measured
using this technique

65,210,227

and samples have varied between free-standing and

substrate-mounted films, such as direct writing tracks.
43

Introduction

│1

1.5.4. Electrical Impedance Analysis of Soft Materials

The electrical characteristics of hydrogel materials have formerly been assessed with
the aid of tomography techniques

229

. These include: electrical impedance

tomography (EIT) and magnetic resonance EIT. EIT is frequently used as a medical
imaging technique in which the permittivity or conductivity of internal body parts is
inferred through surface electrical measurements

230

. A similar technique called

electrical resistivity tomography is used to locate certain minerals in the earth; by
scanning the surface of the earth using electrical measurements, underground
materials with varying resistivities, such as metals and liquids, can be located and
mapped

231

. Another tomography technique which has been shown to be effective in

biological imaging is magneto-acoustic tomography

232–234

. Tomography techniques

are usually chosen for their non-invasive, non-destructive measurements. By
measuring the current and voltage characteristics of the surface, non-linear inversion
calculations are used to predict the characteristics of the bulk; however, due to the
fact that they do not directly measure the bulk material, results can be severely illposed

235

. This can occur when the surface of a hydrogel material does not respond

properly to a change in the interior of the gel.

Electrochemical impedance spectroscopy (EIS) is a frequently used electrochemical
technique for ionically conductive liquid samples

236,237

. Electrochemical impedance

is measured by applying an alternating current potential to an electrochemical cell
while measuring the current through the cell. EIS is chosen where there is less
interest in the bulk sample material than in the chemical properties of the polarisation
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layer at a metal to electrolyte or ion conductor interface. Electrical impedance is
presented as an alternative for EIS where more knowledge about the bulk is desired.
It may be defined as the frequency dependant ratio of voltage to current

238

, i.e. the

complex ratio of current to voltage in an alternating current (ac) circuit. Impedance
(Z) is similar to resistance (R) in a direct current (dc) circuit; however it possesses
both magnitude and phase, according to the following equation:
S

K $ %T ,

(1.13)

where X is the imaginary component known as the reactance. The magnitude of
complex impedance is the ratio between the current amplitude and the voltage
amplitude; the phase component is the phase shift by which the current lags the
voltage. In general, the impedance (Z) will be a complex number, and can be split
into its real and imaginary components, Z’ and Z”, according to the following
relation:
S

S # $ %S",

(1.14)

where Z’ can be described as the resistance and Z”, the reactance of the circuit
component. Z’ and Z” can be calculated according to:
S#

S64<V

and

S"

S<%@V.

(1.15)

The induction of a voltage induced by the magnetic fields of currents (inductance),
and the electrostatic storage of charge induced by voltages between conductors
(capacitance) can be collectively described as the reactance. When reactance is
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positive, the impedance is referred to as inductive, while if reactance is negative,
then it is referred to as capacitive 238.

A polymer which relies on diffusion for its conducting mechanism can be described
as a Warburg diffusion element

239

, where the Warburg coefficient, µ, can be

described by:
W

X
Y Y ZR√\]

(1.16)

,

where R is the gas constant, T is temperature, A is surface area, n is the valency, F is
the Faraday constant, θ is the fraction of oxidised and reduced species present, C is
the concentration and D is the diffusion coefficient.

A Warburg element is used to model semi-infinite linear diffusion
identified by having a constant phase angle of 45

o

240

. It can be

between current and voltage

signals 241. By drawing a Bode plot, which is the impedance magnitude as a function
of frequency, a slope of -1/2 should be observed at low frequencies

242

(Figure 1.18

A). Additionally, a unique parallel straight line configuration of the real and
imaginary impedance components, Z’ and Z”, vs the inverse square root of angular
frequency is indicative of a Warburg diffusion element (µ) (Figure 1.18 B). The
slope of these parallel lines should both equal µ, the Warburg coefficient and the
intercept of the real impedance, Z’, will yield the equivalent resistance, RI. This
relation can be described by the following equation:
S#
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Figure 1.18. Identification of a Warburg impedance element (µ
µ). A) Bode plot of impedance
magnitude (│Z
Z│) vs logarithmic frequency (ff) exhibits a negative initial slope of 45o. B) The
Warburg plot of real (Z’
Z’)
Z”)
Z’ and imaginary (Z”
Z” impedance vs inverse square root of angular
frequency (ω
ω) exhibits straight parallel lines, Z” should intercept the origin. Images adapted
from 243

1.6.

Research Aims:

The biopolymer gellan gum has previously been shown to be a suitable dispersant for
conducting carbon fillers such as MWNTs 102, however, it has not, to date, been used
as a dispersant for carbon nanofibres or combinations of PEDOT:PSS conducting
polymer and VGCNFs. This research aims to show how gellan gum is capable of
dispersing VGCNFs using less sonication energy than required for multi- or singlewalled CNTs. Furthermore, the assessment of wet conductors (gels and liquids) has
formerly relied on inaccurate surface techniques or electrochemical methods. An
impedance method for directly measuring the bulk electrical properties of wet
electrodes using a custom-built instrument, developed during this thesis, will be
outlined in the context of characterising composite GG hydrogels.
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The research presented in this thesis aims to create soft, conducting electrodes by
means of incorporating conducting fillers into a gel-forming biopolymer. Based on
this motivation; the most efficient technique for the preparation of an electrically
conducting, soft, hydrogel material will be addressed, along with electrical
characterisation method development.

The specific aims are:
i.

Optimising the sonication conditions of carbon-GG dispersions and
maximising the electrical conductivity of free-standing composite electrodes.

ii.

Investigating the effect of probe sonication on GG and carbon nanofibres in
VGCNF-GG dispersions and films.

iii.

The presentation of a novel direct-writing application for pen-on-paper (PoP)
fabrication of conducting carbon-GG electrodes.

iv.

The development of a custom-built instrument and methodology for
measuring the gelation and electrical characteristics of conducting dispersions
and hydrogels.

v.

Investigating PEDOT:PSS for its use as a conducting filler for GG hydrogels
and as a dispersing medium for VGCNFs.

vi.

Combining composite mixtures of PEDOT:PSS,VGCNFs and CNTs with GG
to make soft hydrogel electrodes.

1.7.
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Chapter 2
This chapter details the general experimental techniques involved in the preparation
and characterisation of samples used throughout this thesis.

Chapter 3
The optimisation of vapour-grown carbon nanofibres (VGCNFs) dispersed in the
biopolymer gellan gum (GG) and its usage as an ink for the direct writing of
conducting networks are reported. Sonication optimisation showed that dispersing 10
mg/mL VGCNFs required 3 mg/mL GG solution and 4 minutes of low energy probe
sonication. Free-standing films prepared by evaporative casting were found to exhibit
electrical conductivity values of up to 35 ± 2 S/cm. It is demonstrated that sonolysis
has a detrimental effect on electrical conductivity. The dispersions were easily
modified to allow for direct writing conducting networks on paper using a
commercial fountain pen. The electrical characteristics of these direct written
electrodes (on paper) improved with increasing number of layers. The written
electrodes on paper were used to connect a battery to a light emitting diode to
demonstrate that they can be used in simple devices.

Chapter 4
The preparation and characterization of carbon nanofibre-gellan gum composite
materials is presented. Electron microscopy analysis reveals that nanofibres are
affected by sonolysis, i.e. fibre length reduces, while filling (with gellan gum)
increases. It is demonstrated that sonolysis and the resulting modification adversely
affects the electrical (decrease in conductivity) and mechanical (decrease in the
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Young’s modulus) characteristics of the composite materials. Spectroscopic analysis
indicates that sonolysis results in chemical modification of the carbon nanofibres.

Chapter 5
The electrical impedance behaviour of gellan gum (GG), GG-carbon nanotube and
GG-carbon nanofibre hydrogel composites is reported. It is demonstrated that the
impedance behaviour of these gels can be modelled using a Warburg element in
series with a resistor. Sonolysis (required to disperse the carbon fillers) does not
affect gellan gum hydrogel electrical conductivity (1.2 ± 0.1 mS/cm), but has a
detrimental effect on the gel’s mechanical characteristics. It was found that the
electrical conductivity (evaluated using impedance) increases with increasing volume
fraction of the carbon fillers and decreasing water content. For example, carbon
nanotube containing hydrogels exhibited a 6-7 fold increase in electrical conductivity
(to 7 ± 2 mS/cm) at water content of 82%. It is demonstrated that at water content of
95 ± 2% the electrical behavior of MWNT containing hydrogels transitions
(percolates) from transport dominated by ions (due to gellan gum) to transport
dominated by electrons (due to the carbon nanotube network).

Chapter 6
Hydrogels consisting of the conducting polymer PEDOT:PSS and the biopolymer
gellan gum (GG) were characterized using electrical, mechanical and rheological
methods. Compression testing and rheological analysis showed that the gels
weakened with increasing PEDOT:PSS content. In contrast, the increasing
PEDOT:PSS content resulted in an increasing electrical conductivity.
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Chapter 7
The electrical conductivity and impedance behaviour of composite hydrogel
materials

containing

the

biopolymer

gellan

gum

(GG),

the

conducting

polymer, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and
conducting carbon fillers is reported. Commercially available PEDOT:PSS was
shown to be an efficient dispersant for vapour grown carbon nanofibres (VGCNFs).
The gelation characteristics of cross-linked composite gels are described through use
of a custom-built impedance analyser and compared to a rheological characterisation
method. It was found that the conductivity of cross-linked hydrogels was inversely
proportional to the water content. For example, composite PEDOT:PSS-VGCNF-GG
hydrogels exhibited conductivity of 107 ± 6 mS/cm at 81% water content. Impedance
analysis showed that the conduction mechanism transferred from ion-dominated to
electron-dominated as the water content was reduced below an electrical percolation
threshold at 87.2%.

Chapter 8
This chapter outlines the overall conclusions for this thesis, along with future
directions due to the experimental findings.
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2. Experimental Techniques

2.1 Materials and Chemicals

Low acyl gellan gum (GG) was received as a gift from CP Kelco (Gelzan, Lot #
1I1443A). All solutions and subsequent gels were prepared with Milli-Q water
(resistivity ~ 18.2 MΩ·cm).
HiPCo (high-pressure carbon monoxide decomposition process) single-walled
nanotubes (SWNTs), batch no. P2150 were obtained from Unidym, USA. Thin
multi-walled nanotubes (MWNT, 95+% C purity) produced by chemical vapour
deposition, batch no. 110303P1 were purchased from Nanocyl, Belgium. Vapour
grown carbon nanofibres (CNFs) were supplied by Pyrograf Products, USA (PR24LHT, batch no. PS1345, Box 8, HT 170).
Poly(3,4–ethylene-dioxythiophene)-poly(styrenesulfonate)(PEDOT:PSS), conductive
grade, 1.3 % solution in water, batch no. MKBJ4242V, and calcium chloride were
purchased from Sigma Aldrich, Australia. All materials were used as received.
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2.2 Experimental Procedures

2.2.1. GG-Carbon Dispersions

Gellan gum solutions (1.0 % w/v) were prepared by dissolving 1.0 g of GG powder
in 100 mL Milli-Q water (~80 oC), while stirring at ~800 r.p.m (IKA RW 20 digital)
for 30 minutes.
Composite dispersions were prepared using between 10 – 200 mg CNTs/VGCNFs
and 0.02 - 0.6 % w/v GG solutions as dispersant, made up to 10 mL samples (Figure
2.1 A). These samples were dispersed by a probe sonication process (Branson Digital
Sonifier) utilizing a power output of 6 W in pulse mode (0.5 s on/off) with a tapered
microtip (1/8” diameter) placed 1 cm from the bottom of a 25 mm diameter glass
vial. The dispersions were submerged in ice baths during sonication to prevent loss
of liquid through evaporation.

2.2.2 Drop Cast Films

Free-standing films were prepared by evaporative casting of GG-carbon composite
dispersions onto plastic substrates. ~10 mL of sonicated dispersion was injected into
the base of a cylindrical plastic petri-dish (Sigma Aldrich, Australia, diameter 5.5
cm) and dried under controlled ambient conditions, using a temperature/humidity
chamber (21 oC, 50 % relative humidity) for ~24 hours. The films were then peeled
off the plastic substrate to yield uniform free-standing films (Figure 2.1 B), which
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were subsequently stored in sealed petri dishes at 21 oC, 50 % humidity, to prevent
air-borne contamination.

Figure 2.1 A) 0.04 % w/v GG before and after dispersing 10 mg SWNTs. B) A free-standing
film, formed by evaporative casting of a composite SWNT – GG dispersion.

2.2.3 Buckypapers

A vacuum filtration method was used to create buckypapers containing GG and
VGCNFs. Small buckypapers (40 mm diameter) were prepared using a 5 µm porediameter PTFE (polytetrafluorethylene) filter membrane (Millipore) and a Sigma
Aldrich glass filtration unit with a vacuum pump (CVC2 Vacuubrand) typically
operating at ~30 mBar. A composite dispersion containing 15 mg VGCNFs was
diluted with Milli-Q water, such that the total volume to be filtered was ~60 mL, and
placed in the filter funnel which was covered to prevent air-borne contamination and
evaporation losses. Once filtration was complete, buckypapers were dried in ambient
conditions (21 oC, 50% relative humidity) prior to removal from PTFE membrane to
yield a free-standing film.
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2.2.4 Gellan Gum Hydrogels

GG hydrogels were formed by cross-linking gellan gum solutions with Ca2+ ions. All
gels, unless otherwise stated, were cross-linked with a calcium chloride solution such
that the concentration of calcium ions was 5 mM. The gellan gum and CaCl2
solutions were heated to ~80oC under constant stirring using a magnetic hotplate
stirrer (Stuart CB162) prior to mixing (to avoid inhomogeneous cross-linking). The
solutions were then poured into appropriate moulds and allowed to cool to their
specified shapes for characterisation. Moulds used were PVC cylindrical (15 mm and
23 mm diameter, height 10 mm and 5 mm, respectively) and acrylic oblong (10 mm
width and height, 2.5 to 7 cm length).

2.2.5 VGCNF/CNT-GG Hydrogels

These were prepared in two different ways; (i) VGCNFs/CNTs were sonicated in a
0.5 % w/v GG solution until fully dispersed, then the dispersion was cross-linked
with CaCl2, as described in section 2.2.4; (ii) VGCNFs/CNTs were dispersed with
sonication using an appropriate quantity of GG, determined from UV-vis-NIR
spectroscopy (see section 2.3.1). After sonication, solid GG was added to the
dispersions while stirring and heating to ~80 oC for 30 minutes, such that solutions
were made up to 0.5 % w/v GG. Cross-linking was carried out as described in section
2.2.4.
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2.2.6 GG-PEDOT:PSS Hydrogels

PEDOT:PSS was heated to ~80 oC. GG solution (~80 oC) was added, such that the
end GG concentration was 0.5 % w/v. For example, 15 mL PEDOT:PSS dispersion
was combined with 5 mL GG (2% w/v) to give 20 mL PEDOT:PSS-GG with 0.5%
GG % w/v. Once combined, solutions were cross-linked with 5 mM CaCl2 and cast
into moulds (see section 2.2.4). PEDOT:PSS-VGCNF-GG hydrogels were prepared
similarly to above, however PEDOT:PSS is replaced by a PEDOT:PSS-VGCNF
composite dispersion, prior to the addition of the GG solution and crosslinking with
Ca2+.

2.2.8. Pen-on-Paper Direct Writing

The conducting VGCNF-GG composite ink was prepared from a composite
dispersion of 100 mg VGCNFs in 10 mL 0.3 % w/v GG solution. The GG solution
was sonicated for 4 mins before and after the addition of the VGCNFs.
Direct pen-on-paper (PoP) writing was carried out using a commercially available
fountain (nib) pen (Parker Jotter, Officeworks) with a refillable cartridge (Figure
2.2). High quality photo paper (Spilman, Officeworks, matte, 180 g/m2) was used as
the substrate.
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Figure 2.2. Direct writing of a VGCNF ink dispersion with a fountain pen. A) Image of the
commercial Parker Jotter fountain pen with pump-filled ink well and VGCNF ink, B) image of
the direct writing process.

2.3 Characterisation

2.3.1 UV-vis-NIR Spectroscopy

The absorbance behaviour of SWNT-GG, MWNT-GG, VGCNF-GG and VGCNFPEDOT:PSS dispersions was obtained using UV-vis-NIR spectroscopy (Cary 500
UV-Vis-NIR spectrophotometer) between 400 and 1200 nm, with a 1 cm path-length
cuvette. All samples were diluted such that 6.67 µg/mL of fully dispersed
CNTs/VGCNFs were examined, see Table 2.1 for details.
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Table 2.1. Dilutions factors for carbon-containing dispersions to reach a concentration of 6.67
µg/mL.

Carbon filler
content mg/mL
1
2.5
5
7.5
10
12.5
15
17.5
20

Dilution Factor in
Water
1 in 150
1 in 375
1 in 750
1 in 1125
1 in 1500
1 in 1875
1 in 2250
1 in 2625
1 in 3000

2.3.2 Microscopy

Optical microscopy (Leica Z16 APO), coupled with Leica Application Suite
software, version 3.6.0, was used to assess the size of aggregated carbon
nanotubes/fibres in 20 µL drops of composite dispersions at varying times during the
sonication process. The surface morphology and presence of nanotubes and
nanofibres in drop-cast films, buckypapers and direct-write patterns were assessed
using scanning electron microscopy (FEGSEM JEOL JSM 7500-FA). Transmission
electron microscopy (TEM) analysis of composite VGCNF-GG dispersions was
performed using the JEOL 2011 at 200 kV. Images were captured on a Gatan Orius
TEM digital imaging system. Each sample was cast onto a copper grid (5µm pore
size) individually and left to dry before mounting into the TEM.
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2.3.3 Electrical Characterisation

To measure the electrical conductivity and impedance of dry samples, evaporativelycast films (cut into strips of ~3 mm x 25 mm) were contacted with copper tape (3M,
Australia), using conducting silver paint (SPI Supplies, Australia). Current (I)–
voltage (V) characteristics were obtained as follows: By connecting a known resistor
in series with the sample and applying a cycling potential with a waveform generator
(Agilent U2761A), the voltage across the sample and the total voltage for the circuit
is measured using an oscilloscope (Agilent U2701A) (Figure 2.3). Therefore, the
voltage across the known resistor can be calculated and by using Ohm’s law, the
current for the whole circuit is found, which leads to the sample resistance or
impedance.

Conductivity measurements were performed under controlled ambient conditions in
air (21 ºC, 50% relative humidity, RH) by measuring the total resistance as a function
of film length, shortening the film by cutting the end off, and re-measuring the I-V
characteristics. The resistance of each film length was measured 5 times and an
average was taken to determine the conductivity and contact resistance. Film
thickness was determined using a Mitutoyo digital micrometer.
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Figure 2.3. Experimental setup for electrical conductivity measurements of drop-cast films and
buckypapers. Sample strip is contacted to pieces of copper tape with high purity silver paint and
clamped between 2 glass slides with bull dog clips such that the pressure on the film was
constant at all times.

To measure the conductivity or impedance of a liquid or gel sample, samples were
poured into custom-made acrylic wells (detailed in section 2.2.4) with varying
lengths such that the liquid/gel dimensions were 1 cm x 1 cm x L, where L varied
between 0.5 cm and 2.5 cm in 0.5 cm increments. To connect these gel or liquid
samples to the waveform generator and oscilloscope probes, cuboids (2 cm x 1 cm x
1 cm) of reticulated vitreous carbon (RVC, ERG Aerospace, USA, 20 pores per
inch), a porous conducting foam, were placed at either end of the custom-made wells
prior to casting to ensure a large contact area between gel/liquid and electrode
(Figure 2.4). The impedance and phase angle between current and voltage was
measured for a range of frequencies between 1 Hz and 100 kHz. This data allows for
electrical conductivity calculations along with equivalent circuit modelling.
Modelling was performed in Microsoft Excel by minimising the sum of the root
mean square difference between experimental and modelled data of a resistor and
Warburg diffusion element in series.
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Figure 2.4. Plastic mould used to cast liquids and gels for electrical impedance characterisation.

2.3.4 Mechanical analysis

The mechanical integrity of dry film and gel samples was measured using tensile and
unconfined compression testing, respectively, using a universal mechanical tester
(Shimadzu, EZ-S) coupled with analysis software (Trapezium X). Free-standing
films were cut into strips (3 mm x 10 mm) and mounted into a 10 mm x 10 mm paper
frame; film thickness was determined using the micrometer. These windows were
then clamped to the tensile testing grips (double action vice grips) on the mechanical
tester and the frames of the windows were then cut to leave only the strips of film
lying between the grips (Figure 2.5).
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Figure 2.5. Paper mounting method for mechanical tensile testing of drop-cast films and
buckypapers. Inside of paper frame 1 cm square.

As the grips slowly move apart (2 mm/minute), the software takes readings for
displacement (mm) from the beginning of the test and force (N). These are then
converted into stress (σ) and strain (ε), which in turn are used to calculate parameters
such as the Young’s modulus (E), stress and strain at failure and work of extension of
the samples, as outlined in section 1.6.4.
Similar parameters are measured during compression testing of rigid hydrogels,
however the gels are cast into cylindrical moulds (diameter = 15 mm, height = 10
mm). The gels are then removed from these moulds, once cooled, prior to testing
(Figure 2.6). This allows for the calculation of the tangent modulus, compressive
strength (stress at failure), elasticity (strain at failure) and energy to failure of crosslinked gels.

Figure 2.6. Hydrogel moulds used for mechanical compression testing and rheological analysis.
Diameter = 15 mm, height = 10 mm.
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2.3.5 Rheological analysis

Rheology was used to study the flow properties and behaviour of various liquids and
gels. A Digital rheometer (Anton Paar Physica MCR 301) fitted with a Peltier
heating system was used in conjunction with the PP15 (parallel plate, 15 mm
diameter) and CP50 (conical plate, 50 mm diameter) measuring tools for gel and
liquid analysis, respectively (Figure 2.7). The Rheoplus software recorded viscosity
(η), velocity ( ), shear stress ( ), shear rate (

, angular frequency (ω), dynamic

modulus (G), force (F), vertical displacement (dx) and, temperature (T); these
parameters were used to characterise various fluids and gels throughout this study.

Shear strain sweeps between 0.0001 and 100 % strain were performed on hydrogels
at a constant oscillating frequency of 10 Hz and constant temperature (21 oC). Flow
curves of liquid samples at 21 oC were measured between 1 and 100 s-1 shear rate.
Gelation characteristics were measured between 80 and 15 oC at a constant cooling
rate of 2 oC/min at a constant oscillating frequency of 10 Hz and a constant shear
strain of 1%.
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Figure 2.7. Anton Paar Physica MCR 301 rheometer with PP50 tool fitted. Sample platform is
temperature controlled with a Peltier heating system.

2.3.6 Optical Profilometry

The surface morphology of direct-written electrodes containing VGCNFs was
assessed using profilometry with an optical profilometer (Veeco Wyko NT9000).
Depth profiles were averaged from 10 cross-sections of each written track. Pen on
paper lines from 1 to 10 ink layers were examined using this technique.

2.3.7 X-ray Photoelectron Spectroscopy

The chemical composition of samples containing VGCNFs and GG were
investigated with X-ray photoelectron spectroscopy (XPS) at Université de Mons,
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Belgium. The XPS spectrometer (Physical Electronics, VERSAPROBE PHI 5000)
was equipped with a Monochromatic Al Kα X-Ray. The energy resolution was 0.7
eV. All binding energies were calibrated to the carbon 1s peak at 284.6 eV.

2.3.8 Raman Spectroscopy

The Raman characteristics of free-standing films were investigated using a Raman
spectrometer (Jobin Yvon, Horiba, JY HR800 ) fitted with a HeNe laser; power 20
mW at 632.8 nm wavelength. The spacial resolution was 1 µm. Wavenumbers
between 500 and 3,000 were scanned.
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Conducting carbon nanofibre networks: dispersion
optimisation, evaporative casting and direct writing

This chapter has been adapted from the article published in RSC Advances, 2013, 3,
44, 21936-21942.
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3. Conducting carbon nanofibre networks: dispersion optimisation,
evaporative casting and direct writing

Holly Warren, Reece D. Gately, Hayley N. Moffat and Marc in het Panhuis

3.1. Abstract

The optimisation of vapour-grown carbon nanofibres (VGCNFs) dispersed in the
biopolymer gellan gum (GG) and its usage as an ink for the direct writing of
conducting networks are reported. Sonication optimisation showed that dispersing 10
mg/mL VGCNFs required 3 mg/mL GG solution and 4 minutes of low energy probe
sonication. Free-standing films prepared by evaporative casting were found to exhibit
electrical conductivity values of up to 35 ± 2 S/cm. It is demonstrated that sonolysis
has a detrimental effect on electrical conductivity. The dispersions were easily
modified to allow for direct writing conducting networks on paper using a
commercial fountain pen. The electrical characteristics of these direct written
electrodes (on paper) improved with increasing number of layers. The written
electrodes on paper were used to connect a battery to a light emitting diode to
demonstrate that they can be used in simple devices.
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3.2. Introduction

Additive manufacturing or rapid prototyping refers to techniques capable of building
structures layer-by-layer, such as 3D printing
spraying

246

, dip-pen nanolithography

inkjet printing

250–252

247

244

, laser sintering

, slot-dye coating

and extrusion printing

253

248

245

, air-brush

, gravure printing

249

,

. These techniques have been

extensively used for the fabrication of conductive electronics. Recently, conducting
paper substrates have been used as part of low-cost, flexible, disposable
devices183,184,254. This has led to the emergence of pen-on-paper (PoP) electronics, in
which pens filled with conducting silver ink have been employed to create devices
such as interconnects for light emitting diodes and antennas on paper

180

. The PoP

approach requires inks with specific flow characteristics under ambient conditions,
i.e. it should readily flow during writing and it should not coagulate in the pen. It has
been shown that the resulting feature size of the written lines depend on the pen
speed and the physiochemical properties of the ink and paper 195.

Gellan gum (GG) is a linear anionic polysaccharide produced from the bacterium
Pseudomonas elodea

197,198

. It is composed of tetrasaccharide repeating units of

glucose, glucuronic acid and rhamnose in a molar ratio of 2:1:1

200

. Aside from its

widespread application in food and cosmetics, GG's unique suspending (dispersing),
gelation and rheological properties have been used in the processing of conducting
carbon fillers such as single-walled carbon nanotubes, multi-walled carbon
nanotubes and graphene 59,61,210,211.
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Carbon nanofibres are a conducting carbon filler which are closely related to carbon
nanotubes, both in their structure and in their properties

104

. A catalytic thermal

chemical vapour deposition synthesis method (with the use of a floating catalyst) has
facilitated large-scale production of vapour-grown carbon nanofibres (VGCNFs)

105

.

The structure of these VGCNFs is “cup-stacked”, meaning their stacking
morphology is one of truncated conical graphene layers around a large hollow core
106

. Their average diameter (100 nm) and average length (50 to 200 µm) can be tuned

by precise control of the synthesis conditions

106

and are similar to multi-walled

nanotubes (MWNTs) produced by catalytic chemical vapour deposition

109

. As-

produced VGCNFs are often coated with layers of amorphous carbon which serves
to reduce the electrical conductivity due to low crystallinity

107

. This amorphous

layer can be removed by post-treatment of the fibres with heat, which increases
crystallinity

108

and results in a double-layered nanofibre

110

. The VGCNFs used in

this paper underwent a heat treatment at 1500 oC which resulted in a highly
graphitised outer layer of the hollow carbon fibre.

Carbon nanofibres have potential applications as gas sensors

111

, electrostatic paint

and electronic shielding for the automotive industry and as components in batteries
108

. VGCNFs have been dispersed into various polymers including polystyrene (PS)

111

, polypropylene (PP) [24,25] and poly(methyl methacrylate) (PMMA)

120

using

high-shear stirring methods. It has been shown that using a sonication bath followed
by high-speed mechanical stirring is a better dispersion method for VGCNFs (in an
epoxy) compared to dispersing in a solvent or surfactant

121

. The reported electrical

conductivity values for these composite materials ranged from 0.01 S/cm (PMMA
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composite, 10% w/w VGCNF) to 2 S/cm (PP composite, 60% w/w VGCNF)
[23,25,26].

In this paper, we describe a gellan gum–carbon nanofibre ink suitable for the direct
writing of conducting networks using a pen-on-paper direct writing approach. The
GG-VGCNF dispersion is optimised in terms of maximum VGCNF loading fraction.
It is demonstrated that written electrodes on papers have suitable electrical
properties, i.e. they can be used to draw simple circuitry for connecting a light
emitting diode (LED) to a battery power source.

3.3. Experimental

3.3.1 Preparation of dispersions

Low acyl gellan gum (GG, Gelzan, Lot # 1I1443A) was received as a gift from CP
Kelco. Gellan gum solutions (0.5% w/v) were prepared by dissolving dry powder
(0.5 g) in Milli-Q water (100 mL, ~80 oC, resistivity 18.2 MΩ cm), while stirring at
~800 r.p.m (IKA RW 20 digital) for 30 minutes. Homogeneous dispersions of vapour
grown carbon nanofibres (Pyrograf Products, PR24-LHT, Batch info: PS 1345 Box
8, HT 170) in GG were prepared using probe sonication. All dispersions were
subjected to sonolysis using a digital sonicator horn (Branson Digital Sonifier) with a
power output of 6 W in pulse mode (0.5 s on/off) and a tapered microtip (Consonic,
diameter 3.175 mm) placed 1 cm from the bottom of a glass vial (diameter 25 mm).
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3.3.2 Preparation of free-standing films

Drop-cast films were prepared by evaporative casting of composite dispersions into
the base of a cylindrical plastic petri-dish (diameter ~5.5 cm) and dried under
controlled ambient conditions (21

o

C, 50% relative humidity, RH, using a

temperature/humidity chamber (Thermoline Scientific TRH-150-SD) for 24 hrs. The
films were then peeled off the substrate to yield uniform free-standing films.

3.3.3 Direct writing

Direct writing was carried out using a commercially available fountain (nib) pen
(Parker Jotter, Officeworks) with a refillable cartridge. VGCNF:GG inks were
prepared as follows; GG solutions (3 mg/mL) were sonicated for 4 min (power
output of 6 W) prior to addition of VGCNFs (10 mg/mL), followed by a further 4
min (power output of 6 W) of sonolysis. High quality photo paper (Spilman, matte,
180 g/m2) was used as the substrate. Multiple circuits were prepared on paper
substrates using direct written electrodes to connect LEDs (Jaycar Electronics,
Australia, 5 mm diameter, green light source, 3.5 V switch on voltage) with a power
source (6 V battery) using copper tape (3M).

3.3.4 Characterisation techniques

The absorbance behaviour of dispersions (diluted to VGCNF concentration of 6.67
µg/mL) was obtained using UV-vis-NIR spectroscopy (Cary 500 UV-Vis-NIR

75

Conducting Carbon │3
Nanofibre Networks

spectrophotometer) with a 1 cm path length cuvette. The wavelength of 1000 nm was
arbitrarily selected for analysis as it is in the wavelength range at which VGCNFs
exhibit absorbance features, but GG does not. Small aliquots (20 µL) of the
dispersion sample were removed at varying sonication times and analysed for the
presence of aggregated carbon inhomogeneity using a Leica Z16 APO optical
microscope (8x magnification).

The flow properties of composite inks were studied using an Anton Paar Physica
MCR 301 Digital Rheometer with a cone and plate measuring system (49.972 mm
diameter, 0.992° angle, 97 µm truncation) and a heat controlled sample stage (Julabo
Compact Recirculating Cooler AWC 100)). Viscosity was measured between 0.1 and
100 s-1 shear rate at 21 °C.

The surface morphology of films and written electrodes containing VGCNFs were
assessed using scanning electron microscopy (FEGSEM JEOL JSM 7500-FA) and
optical profilometry (Veeco Wyko NT9000). In order to obtain cross-sectional SEMs
of fountain pen lines, the paper substrate was cooled using liquid nitrogen and
snapped across the track. The thickness of drop-cast films was determined using a
digital micrometer (Mitutoyo IP 65).

Electrical resistance measurements were carried out as follows. Evaporatively-cast
films were cut into strips of 3 mm x 25 mm and contacted (top and bottom) with
conducting copper tape (3M) and conducting silver paint (SPI). The electrodes
prepared by direct writing were contacted using the conducting copper tape. Current
(I)–voltage (V) characteristics were obtained by measuring current using a digital
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multimeter (Agilent 34410A) under a cycling potential applied by a waveform
generator (Agilent 33220A) under controlled ambient conditions (21 ºC, 50% RH).
I-V plots were evaluated as a function of sample length (L), and used to calculate
total resistance (RT) values. The conductivity (σ) and contact resistance (RC) were
calculated by straight line fitting of the RT versus L data to equation 1.12

3.3.5 Statistical Treatment

The reported results are averages of the values obtained. Reported numerical errors
and graphical error bars are given as ± 1 standard deviation (SD). Data and outliers
were rejected either when instrumental error was known to have occurred, or if data
failed a Q-test with a confidence interval ≥ 95%.
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3.4. Results and Discussion

3.4.1 Optimisation of dispersions

Previous research established that there is a strong correlation between UV-visible
absorbance intensity and carbon-based materials such as carbon nanotubes

89,102

. In

this work, the ability of gellan gum to disperse VGCNFs was assessed using UV-visNIR spectroscopy and light microscopy. It is assumed that the VGCNFs are
completely dispersed when the UV-vis-NIR absorbance reaches a plateau coupled
with the disappearance of visible aggregates. Figure 3.1 shows that a dispersion
(volume 10 mL) containing 1 mg/mL VGCNFs and 1 mg/mL GG can be assumed to
have reached completion after 4 min of sonication, i.e. the UV-vis-NIR absorbance
plateaus (Figure 3.1. A-B) and the visible aggregates have disappeared (Figure 3.1.
C-K). The amount (or expense, E$) of sonic energy (power x sonication) required to
disperse 10 mg VGCNFs in 10 mL of dispersion is 144 J/mg.
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Figure 3.1. (A) UV-vis-NIR absorbance versus wavelength for GG-VGCNF dispersion with
equal GG and VGCNF concentrations of 1 mg/mL. Arrow indicates increase in sonication time.
(B) UV-vis-NIR absorbance at 1000 nm as a function of sonication time at 6 W. (C-J) Optical
microscopy images at different sonication times. (K) Photograph of GG solution (left) and a
completely dispersed GG-VGCNF dispersion (right).

The VGCNF:GG dispersion system was optimised by establishing the minimum
energy (expense, E$) required to completely disperse a given mass of VGCNFs. The
optimum sonication time (and expense) was found to increase with GG concentration
in the investigated range (0.25-1.5 mg/mL) at constant VGCNF concentration (1
mg/mL), see Figure 3.2. A and Table 3.1. It is well known that the viscosity of
polymer solutions increases with increasing polymer concentration. As such, it is
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suggested that the increase in sonication time is related to the increase in viscosity
which is likely to drive down VGCNF mobility, therefore requiring more sonolysis
to completely disperse the VGCNFs.

Table 3.1. Summary of expense (E$) values obtained from the UV-vis absorbance data shown in
Figures 3.S1 and 3.1. Naming convention for the dispersions is as follows, (ratio VGCNF:GG)VGCNF concentration, e.g., “10:3-5” indicates a dispersion with VGCNF:GG ratio of 10:3 and
VGCNF (cVGCNF) and GG (cGG) concentrations of 5 mg/mL and 1.5 mg/mL, respectively.

Dispersion
10:2.5-1
10:5-1
10:7.5-1
10:10-1
10:12.5-1
10:15-1
10:3-1
10:3-2.5
10:3-5
10:3-7.5
10:3-10
10:3-12.5
10:3-15
10:3-17.5
10:3-20

CVGCNF (mg/mL)
1
1
1
1
1
1
1
2.5
5
7.5
10
12.5
15
17.5
20

CGG (mg/mL)
0.25
0.50
0.75
1.0
1.25
1.5
0.30
0.75
1.5
2.25
3.0
3.75
4.5
5.25
6.0

E$ (J/mg)
36 ± 18
72 ± 18
108 ± 36
144 ± 36
216 ± 72
288 ± 72
36 ± 18
29 ± 14
21.6 ± 7.2
16.8 ± 4.8
14.4 ± 3.6
17.3 ± 4.3
19.2 ± 4.8
24.7 ± 4.1
36 ± 2

It is clear that GG is efficient at dispersing VGCNFs, i.e. only 1 min (E$ = 36 ± 18
J/mg) of sonication is needed to disperse 10 mg of VGCNF in 10 mL at a
VGCNF:GG ratio of 10:2.5. As expected, the input sonication energy required to
reach the point of complete dispersion increased as the VGCNF concentration was
increased from 1 mg/mL to 20 mg/mL (Figure 3.3). It should be noted that it was not
physically possible to incorporate more than 200 mg VGCNFs in 10 mL of GG
solution. Hence, we were unable to establish the upper concentration limit of the
VGCNF.

80

3│

Conducting Carbon
Nanofibre Networks

The VGCNF expense was found to exhibit a minimum of 14.4 ± 3.4 J/mg for a
VGCNF:GG dispersion with VGCNF concentration = 10 mg/mL (GG concentration
= 3 mg/mL), see Figure 3.3.C. It is not clear at present what the dependence of
expense and VGCNF concentration should be. However, it is likely that this
dependence is influenced by rheological percolation effects related to either the
dispersant GG and/or the carbon materials 102,148.

Figure 3.3. A) UV-vis-NIR absorbance at 1000 nm as a function of sonication energy for 10 mg
of VGCNFs dispersed in 10 mL GG soluton at various VGCNF:GG ratios. The solid line

81

Conducting Carbon │3
Nanofibre Networks
indicates the expected absorbance for a complete dispersion. B) UV-vis-NIR absorbance at 1000
nm versus input sonication energy for VGCNF-GG dispersions of increasing loading fraction.
Horizontal black line represents the maximum absorbance for complete dispersion. C) Expense
to achieve a complete dispersion as a function of VGCNF concentration. All dispersions were
diluted to a VGCNF concentration of 6.67 µg/mL.

3.4.2 Electrical characteristics of free-standing films

The electrical conductivity of freestanding VGCNF:GG films (mass ratio 10:3, mass
fraction 0.77) prepared by evaporative casting was adversely affected by sonication.
For example, the electrical conductivity of films prepared from a VGCNF-GG
dispersion (cVGCNF = 5 mg/mL) subjected to 4 min of sonication is 35 ± 2 S/cm. As
described above, increasing the VGCNFs loading requires longer sonication times,
see Figure 3.2. B. For example, dispersing 20 mg/mL of VGCNFs requires a
sonication time of 20 min. The resulting films exhibited a lower conductivity (20 ± 2
S/cm) compared to films prepared using dispersions which were sonicated for 4 min,
despite having the same VGCNF volume fraction. The decrease in conductivity was
found to linearly decrease with increasing sonication time (Figure 3.4. A). We have
attributed this to sonication-induced damage of the VGCNF, resulting in reducing the
overall length. Similar effects have been previously reported for carbon nanotubes
149–151

.

The reduction in VGCNF length was examined using scanning electron microscopy
(SEM) analysis (Figure 3.3 A-B). Length analysis (Figure 3.3. C) clearly indicates
that the average length of the fibres is smaller for the dispersions sonicated for 20
min (average 1.1 µm) compared to 4 minutes (average 2.1 µm). Figure 3.3. C shows
that the majority (60%) of the VGCNFs which had been sonicated for 20 min were
between 0.5 – 1 µm in length. In contrast, the VGCNF dispersion which underwent 4
min of sonication consisted of VGCNFs with a wider range of lengths, including
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some with lengths of > 3 µm. It is well-known that electrical transport through a
network of conductors is determined by the number of junctions and the resistance of
these junctions in the network

255

. The reduction in conductivity can then be argued

as follows. VGCNF sonication results in a reduction in the length of the VGCNFs,
which increases the number of junctions in the VGCNF network leading to an
increased electrical resistance (decreased conductivity).

Figure 3.3. A-B) SEM images of free-standing VGCNF-GG films (VGCNF volume fraction
VGCNF= 0.69) prepared from VGCNF-GG dispersions (VGCNF concentration = 10 mg/ml, GG
concentration = 3 mg/ml) which were sonicated for 4 minutes and 20 minutes, respectively. C)
and D) Histograms showing length of the VGCNFs based on analysis of SEM images (28 µm2
area) for samples sonicated for 4 and 20 minutes, respectively.

The percolation behaviour of the VGCNF-GG system was investigated by preparing
free-standing films with different VGCNF loading fraction (Figure 3.4. B). The
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conductivity as a function of VGCNF mass fraction was fitted to the statistical
percolation model 256:
2

2f .V g VR

1

,

(3.1)

where σ, σ0, φ, φC and t are the conductivity, scaling factor, mass fraction, mass
fraction percolation threshold and the critical exponent,

respectively. The fit

predicted values for σ0, φC and t as 0.046 ± 0.004 S/cm, 0.0147 ± 0.003 and 1.7 ± 0.2,
respectively. The t value is close to the theoretical predicted value (t = 2.0) for a 3D
percolative network 256.

Figure 3.4. Electrical conductivity of drop cast films as a function of VGCNF A) sonication time
and B) mass fraction. Films measured in A) contained 100 mg VGCNFs and 30 mg GG, films
measured in B) were sonicated for 4 minutes. The straight line in A) is a linear fit to the data
and the solid line in B) is a 3-parameter fit of the conductivity to the statistical percolation
model, equation 3.1.
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3.4.3 Direct writing with a fountain pen

Direct writing was investigated using a commercial fountain (nib) pen. The flow
curve of a typically used commercial ink (Parker “Quink” blue-black) is shown in
Figure 3.5, and was fitted to the well-known power law model 257,
'

()

,

(3.2)

where γ is the shear rate, K is the consistency index and n is the power law index.
This analysis revealed that the commercial ink exhibits near-Newtonian behaviour,
i.e. n = 0.9. The viscosity of the commercial ink at shear rates common for pen
writing (1000 1/s) is approximately 0.81 mPa·s. Using equation 3.2 to extrapolate
viscosity at higher shear rates than those measured, we have shown a similar
viscosity (at 1000 1/s) by sonicating a gellan gum solution (3 mg/mL) for 4 minutes
prior to adding 100 mg of VGCNFs and sonicating for a further 4 minutes.

Analysis of the flow curve of our VGCNF pen ink revealed consistency and power
indices consistent with shear thinning behaviour, i.e. K = 26 mPa·sn and n = 0.54,
respectively. However, despite the rheological difference (near-Newtonian vs. shear
thinning) our VGCNF ink has the required viscosity at the shear rates important for
pen writing, i.e. η = 1.1 mPa·s at shear rate = 1000 1/s.
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Figure 3.5. Viscosity as a function of shear rate for commercial pen ink (Parker “Quink” blueblack, dotted line) and VGCNF pen ink (solid line). The VGCNF ink was prepared by sonicating
a gellan gum solution (3 mg/mL) for 4 minutes prior to adding 100 mg of VGCNFs (10 mg/mL)
and sonicating for an additional 4 minutes.

Lines were drawn (direct written) on a paper substrate using a fountain pen filled
with our pen ink (VGCNF concentration = 10 mg/ml, GG concentration = 3 mg/ml
Figure 3.6). The morphology of pen tracks on paper was investigated using optical
and electron microscopy (Figure 3.7). The characteristic “W” shape of nib fountain
pen tracks is clearly visible in Figure 3.7. A-B. This shape is a result of the nib of the
pen depressing the paper substrate during writing. Scanning electron microscopy
(SEM) images revealed the presence of a VGCNF network in all areas of the “W”
shape, including on the surface of the central ridge (Figure 3.7. C-D). Optical
profilometry and cross-sectional SEM analysis was used to examine the effect of
increasing the number of fountain pen ink layers on a paper substrate (Figure 3.7. F).
It was found that increasing the number of pen layers resulted in a linear increase in
the line width (Figure 3.8. A).

86

3│

Conducting Carbon
Nanofibre Networks

Figure 3.6. Direct writing of the VGCNF ink with a fountain pen. A) Image of the commercial
Parker Jotter fountain pen with pump-filled ink well and VGCNF ink, B) image of the direct
writing process , C) Image of an LED powered by a power source (6V battery) using direct
written electrodes on a paper substrate (5 ink layers).
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Figure 3.7. Morphology of typical direct written lines (electrodes, 5 layers) on the paper
substrate. A) Optical and B) scanning electron microscopy (SEM) images of the line. C) SEM
image of the edge of a line. D) Enlarged view of the VGCNF network. E) Cross-sectional SEM.
F) Optical profilometry of direct written lines (5 and 10 layers).

The number of layers had a significant effect on the electrical resistance (Figure 3.8.
B). The resistance decreased by almost two orders of magnitude over 10 layers. The
resistance (corrected for contact resistance) of the lines (channel length 5 cm) was
found have a power-law dependence on the number of pen layers according to:
Kh
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where RS, RS1, L and P are the sample resistance, sample resistance of 1 layer,
number of layers and power-law index, respectively. Our fit revealed values of Rs1 =
75 ± 1 kΩ/cm and P = -1.218 ± 0.006. The fit underestimates the actual value for 1
direct written line (97 ± 20 kΩ/cm), which is a likely to be a result of initial ink
uptake by the paper substrate.

The contact resistance RC also decreased with

increasing number of pen layers (data not shown). These results indicate that with
each written layer the amount of VGCNF deposited increases which leads to a better
contact between sample and electrode, and an improved electrical resistance 61.

The usefulness of our approach for direct writing paper electrodes for practical
purposes was assessed by investigating the variability in the electrical resistance as a
function of time for direct written lines, and the ability of electrodes to power an
LED in a simple device. The variability was tested using two different approaches,
(i) lines were direct written immediately after ink preparation, and electrical testing
was carried out as function of resting time (Figure 3.8. C), and (ii) there was a resting
time between preparation of the ink and direct writing, followed by immediate
electrical testing (Figure 3.8. D). It is clear that once processed, the electrical
resistance (3.4 ± 0.1 kΩ/cm) of the direct written pen lines (channel length 5 cm, 10
layers) does not change over 10 days. In contrast, the electrical resistance remains
constant over the first 4 days, but then steadily increases with time between
preparation of the ink and direct writing the electrodes. However, gentle shaking of
the ink prior to direct writing can remove the increase in the electrical resistance
(Figure 3.8. D). For example, shaking the ink after 11 days resulted in a reduced
resistance, similar to that of the initial resistance values (within error). This suggests
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that the ink can be stored for up to 3 days prior to direct writing, while it will require
gentle shaking for longer time periods to re-disperse the VGCNFs in the ink.

VGCNF written electrodes on paper were used in a simple circuit to connect an LED
to a 6V power source (Figure 3.6. C). Current-voltage measurements were taken
across each of the written lines and across the LEDs. The average resistances across
the 5-layered lines, R1 and R2, were found to be similar, i.e. 8.0 ± 0.3 and 8.0 ± 1.1
kΩ/cm, respectively. These measurements show that electrodes prepared by direct
writing are stable over time and can be used in simple devices.

Figure 3.8. A) Line width a function of number of ink layers for typical direct written lines on a
paper substrate. Straight line is a linear fit to the data. B) Electrical sample resistance of direct
written lines as a function of number of ink layers on a paper substrate. Line is a power-law fit
to the data. C) Electrical (sample) resistance of typical direct written lines (10 layers) as a
function of days after direct writing. Straight line is a guide to the reader’s eye. D) Electrical
(sample) resistance of typical direct written lines (10 layers) as a function of resting time
between ink preparation and direct writing. Circle indicates electrical resistance for an ink
which was shaken on day 11 after preparation, prior to direct writing.

90

3│

Conducting Carbon
Nanofibre Networks

3.5. Conclusions

The dispersion optimisation of vapour-grown carbon nanofibres in solutions of the
biopolymer gellan gum has been investigated. It was found that dispersing VGCNF
in gellan gum required only short sonication times and low sonication energy input.
For example, 1 mg/mL of VGCNF could be completely dispersed in 1 mg/mL gellan
gum with 1 min of sonication at low power (6 W). It was demonstrated that gellan
gum could easily disperse up to 20 mg/mL of VGCNF at a VGCNG:GG ratio of
10:3, which required 20 min of sonolysis. The electrical conductivity of free-standing
films decreased with increasing sonication time. For example, increasing the
sonication time from 4 to 20 min decreased from 35 S/cm to 20 S/cm, which was
attributed to the observed sonication-induced damaged in the length of the
conducting carbon filler.

Direct writing of VGCNF dispersions with a commercial fountain pen was also
explored. The sonolysis protocol was changed to achieve VGCNF dispersion with
similar viscosity at shear rates common to pen writing as a commercial pen ink. The
electrical resistance of direct written electrodes on paper exhibited a power law
dependence on the number of pen layers. Microscopy analysis suggested that with
each successive pen stroke the amount of VGCNF increases leading to the observed
improved electrical characteristics.
It was demonstrated that our direct written electrodes on paper can be used in simple
device applications, such as connecting an LED to a power source. The electrical
resistance of the paper electrodes was found to be stable for up to at least 10 days
91

Conducting Carbon │3
Nanofibre Networks

under ambient conditions. This paper contributes to the development of paper-based
electrode materials.
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4. Sonication-induced effects on carbon nanofibres in
composite materials

Reece D. Gately, Holly Warren, Mattia Scardamaglia, Tony Romeo, Carla
Bittencourt and Marc in het Panhuis

4.1. Abstract:

The preparation and characterization of carbon nanofibre-gellan gum composite
materials is presented. Electron microscopy analysis reveals that nanofibres are
affected by sonolysis, i.e. fibre length reduces, while filling (with gellan gum)
increases. It is demonstrated that sonolysis and the resulting modification adversely
affects the electrical (decrease in conductivity) and mechanical (decrease in the
Young’s modulus) characteristics of the composite materials. Spectroscopic analysis
indicates that sonolysis results in chemical modification of the carbon nanofibres.

4.2. Introduction:

The filling of carbon nanostructures such as carbon nanotubes (CNTs) has been
investigated for applications including metal nanowires
energy storage

262

, catalysts

263

and electrical insulation

258–260

264,265

, hydrogen storage

261

,

. The methods used to
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fill CNTs, can be broadly categorized as either chemical or physical. Chemical
methods include functionalization

266

or electrochemical methods

262,267,268

physical methods employ strong capillary suction within the CNTs

, whereas

260,269,270,271

.

CNTs are not readily filled as they are usually produced as closed structures
resembling cylinders with hemi-spherical caps on either side. Opened CNT structures
can be achieved through either direct growth272 or by removing the caps273–275.
Examples of the latter method include oxidative treatement276 and boiling in acids277.

The improvement of the mechanical

278,279

and electrical

280,281

characteristics of

materials by incorporation of conducting carbon fillers is an active area of research.
However, it is well-known that carbon fillers can be difficult to (homogeneously)
disperse in aqueous solutions due their hydrophobicity and van der Waals
interactions282. This disperse-ability issue has been successfully addressed by using
dispersants (e.g. surfactants, polymers) in combination with sonolysis methods
157,283,284

. However, one of the drawbacks of sonolysis is that it can lead to damage to

the carbon filler149,151 and/or the dispersant285. In general, this results in a detrimental
effect on the properties of the composite material

149,150,286–288

. For example, it has

been shown that extensive sonolysis (21 hours) reduced the average CNT length
from 3.5 µm to less than 0.5 µm

288

. This reduction in length was coupled with a

significant decrease in the conductivity of the resulting CNT network. Furthermore,
the detrimental effect of sonolysis on the molecular mass of polymers is well-known
101,289–293
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Here we investigate the effect of sonolysis on the properties of composite materials
prepared by dispersing vapour grown carbon nanofibres (VGCNFs) with the
biopolymer gellan gum. Gellan gum (GG) is a linear, anionic, water soluble
biopolymer which is derived from the bacteria Sphingomonas elodea (formerly
Pseudomonas elodea or Auromonas elodea

197

). It is well-known for its applications

in food technology ever since it was approved by the European Union and the
Federal Drug Agency nearly two decades ago

294

. More recently, it has been

demonstrated that gellan gum is an efficient dispersant for conducting carbon fillers
such as carbon nanotubes, graphene and VGCNFs 66,211,295,296.

VGCNFs are a conducting carbon filler material which was first manufactured in
1889 as a potential replacement for filaments in glow lamps

297

. Their structure was

first elucidated in 1952 using electron microscopy, which showed stacks of highly
graphitized carbon forming a tubular shape 298. VGCNFs are produced by a catalytic
thermal chemical vapour deposition technique with a floating catalyst

107

. This

method produces two characteristic structures, (i) ‘stacked cup’ (or ‘herringbone’)
structure, which looks similar to a series of graphite cups without bases stacked on
top of each other, and (ii) ‘stacked deck’ (or ‘parallel’ structure) which is a series of
multiple concentric tubes of graphitized carbon (similar to those observed for multiwalled CNTs). These structures are subsequently heat treated to remove (most of) the
amorphous carbon outer layer and further improve their physical, mechanical, and
electrical properties 299. It has been shown that conductivity and mechanical strength
of the nanofibres is enhanced through heat treatment at 1500 °C 300.
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VGCNF composite materials have been produced using poly(caprolactone),
poly(urethane), poly(ethylene) and epoxy resins

301–308

. For example, recently it was

demonstrated that shape memory properties of VGCNF-epoxy composite materials
were enhanced by chemical functionalised of VGCNFs

309

.

Other potential

applications include the use of VGCNFs as constituents in electromagnetic
interference shielding materials as discussed in a recent review article 310.

In this paper, VGCNF-GG dispersions and composite materials are prepared using
sonolysis, vacuum filtration and evaporative casting. The effect of sonolysis on the
VGCNFs was assessed using spectroscopic, microscopic, electrical and mechanical
analysis techniques.

4.3. Experimental:

4.3.1. Preparation of dispersions:

Gellan gum was obtained from CP Kelco (low acyl form, Gelzan CM, Lot #
1I1443A). A GG solution (0.3%) was prepared by adding 300 mg of GG to 100 mL
of Milli-Q water (resistivity ≈ 18.2 MΩ cm) and heated to 80 °C on a hotplate (Stuart
CB162 heat stirrer) while stirring with an overhead stirrer at ~800 rpm (IKA RW 20
digital) for at least 30 minutes.
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Homogeneous dispersions were prepared by adding 100 mg of VGCNFs (Pyrograf
Products, PR24-LHT, Batch info: PS1345 Box 8, HT 170) to 10 mL GG solution (3
mg/mL) and applying horn sonolysis using a digital sonicator (Branson Digital
Sonifier, power output 6 W, 0.5 s pulse, 0.5 s break between pulses). The microtip
horn (Consonic, diameter 3.175 mm) was held 1 cm off the base off a 20 mL glass
sample vial (diameter 25 mm).

4.3.2. Preparation of Free-Standing Films:

Buckypaper (BP) free-standing films were prepared by a vacuum filtration process.
Briefly, 3 mL of the VGCNF dispersion (10 mg/mL VGCNF in 3 mg/mL GG) was
diluted to 90 mL with Milli-Q water, resulting in final concentrations 0.33 mg/mL
and 0.1 mg/mL for the VGCNF and GG respectively. This was then subjected to bath
sonication (50 Hz, FXP4, Ultrasonics) for 5 minutes. The dispersion was filtered
through a commercial membrane (5 µm pore size, polytetrafluorethylene, Millipore)
using a vacuum pump (CVC2, Vacuubrand) operating between 30 – 50 mBar. Once
filtration had completed, the membrane was allowed to dry under controlled
conditions (~21 °C, 50% relative humidity, RH) in a temperature humidity chamber
(Thermoline Scientific, TRH-150-SD) for up to 24 hours. Once dry, the BP was
carefully peeled off the membrane to produce a free-standing film (diameter 40 mm).

Additional free-standing films were prepared by evaporative casting. Briefly, asprepared dispersions were poured into a plastic petri-dish (diameter 55 mm) and
allowed to dry under controlled conditions (21 oC, 50% RH) in the temperature
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humidity chamber for up to 24 hours. The resulting films were then carefully
removed from the substrate to produce free-standing films.
4.3.3. Electron Microscopy:

Transmission electron microscopy (TEM) analysis of dispersions was performed
using a transmission electron microscope (JEOL 2011) at acceleration voltage of 200
kV. All images were captured on a TEM digital imaging system (Gatan Orius). A
VGCNF dispersion was prepared by manual shaking of 10 mg VGCNF into ~20 mL
of isopropanol (Sigma Aldrich Australia) for 1 min, hereafter referred to as
‘unsonicated’. Dispersions (unsonicated and sonicated) were then cast into a copper
grid (pore size 5 µm) and left to dry under controlled ambient conditions before TEM
imaging. Scanning electron microscopy (SEM) analysis of all free-standing films
was carried out using field emission scanning electron microscope (FESEM JEOL
JSM 7500-FA). Length analysis of VGCNFs was performed using an image analysis
package (Leica Application Suite).

4.3.4. Electrical Characterisation:

Samples for electrical characterisation were prepared by cutting the films into small
strips (3 mm x 25 mm), and contacted with conducting copper tape (3M) and
conducting silver paint (SPI). A uniform pressure (~ 105 Pa) was applied to the
electrode-sample contact area using bull clips (Officeworks, Wollongong). Current –
voltage (I-V) profiles were obtained by measuring the current using a digital
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multimeter (Agilent 34410A) using a cycling potential applied by a waveform
generator (Agilent 3320A) in controlled ambient conditions (21 °C, 50% RH). The
sample thickness was measured using a digital screw micrometer (Mitutoyo IP 65).

4.3.5. Mechanical Analysis:

Tensile stress-strain measurements of the free-standing films were conducted using a
universal mechanical testin apparatus (Shimazdu EZ-S). Films were cut into strips
(width 4 mm) and a length assuring a gauge length of 10 mm. The samples were then
stretched at a rate of 1 mm/min until failure.

4.3.6. Spectroscopy:

Raman analysis was conducted using a Raman spectrometer (JY HR800, Horiba
Jobin Yvon). The laser used was a HeNe laser (632.8 nm wavelength) at a power of
20 mW. The detector was an optical microscope (Olympus Bx41) with a spatial
resolution of 1 µm. The spectrometer was calibrated using SiO2 at a wavenumber of
520.7 cm-1. All scans were performed between 500 and 3000 cm-1 under controlled
ambient conditions.

X-ray photoelectron spectroscopy (XPS) was carried out using a spectrometer
(VERSAPROBE PHI 5000, Physical Electronics), equipped with a Monochromatic
Al Kα X-Ray. The energy resolution was 0.7 eV. All binding energies were
calibrated to the C 1s peak at 284.6 eV.
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4.4. Results and Discussion:

4.4.1. Electron Microscopy:

Carbon nanofibres were stabilized in gellan gum using a sonolysis process for up to
30 mins. TEM analysis (Figure 4.1a) of the as-received VGCNFs (unsonicated
sample) revealed that the sample contained the characteristic ‘herringbone’ and
‘parallel’ structures. All of the imaged VGCNFs appear to be closed structures (see
the example in Figure 4.1b). While a number of other types of carbon structures (e.g.
amorphous carbon) are apparent. Although these other structures either completely
cover the VGCNFs (Figure 4.1b) or partially cover the surface (Figure 4.1c), they are
easily removed after only a short period (2 min) of sonolysis (Figure 4.1d-f).

Apart from removing the other types of carbon, sonolysis also resulted in opening the
VGCNFs. For example, four VGCNFs can be identified in Figure 4.1d, of which the
‘herringbone’ structure is not damaged, but at least one of the three ‘parallel’
structures is open ended. Furthermore, we made the interesting observation that two
of these VGCNF appear to be filled. The enlarged view in Figure 4.1e clearly shows
evidence of a filled VGCNF. Quantitative analysis of TEM images revealed that
approximately 1/3 of the imaged VGCNFs appeared to be either completely or
partially filled. However, analysis of dispersions prepared using longer sonication
times (e.g. 30 mins) revealed that most of the imaged fibres were either filled and/or
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opened (sheared). For example, the VGCNFs in Figure 4.1g have been opened and
are filled, whereas one of the fibres shown in Figure 4.1h has not been opened (and is
therefore not filled). In addition, other fibres (such as the one shown in Figure 4.1i)
revealed a fiber with a filled ‘parallel’ section filled and an undamaged (non-filled)
‘herringbone’ section. Fibre damage and degree of filling increased with increasing
sonication time. Quantitative TEM analysis showed that the fraction of filled
VGCNFs increased from 33% (after 2 min of sonolysis) to 85% after 30 min of
sonolysis. This is further evidence that the filling effect is most likely due to the
opening of the VGCNFs, i.e. whenever a fibre is damaged as a result of sonolyis it is
filled with the surrounding dispersant (gellan gum). We suggest that this is a result of
capillary forces as has been previously observed for carbon nanotubes 260,311.

Figure 4.1. Typical high-resolution transmission electron microscopy images of VGCNFs
unsonicated (a-c) and sonictated for 2 min (d-f) and 30 min (g-i). a) VGCNF displaying the
characteristic ‘herringbone’ (1) and ‘parallel’ (2) structures. b) VGCNF (indicated by arrow)
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completely covered with other types of carbon structures. c) VGCNFs partially covered with
other types of carbon structures. d) Filled and un-filled VGCNFs. Rectangle indicates area of
enlargement. e) Enlarged view of the filled and un-filled ‘parallel’ VGCNFs shown in image d).
f) ‘Herringbone’ VGCNF with one open end. g) Filled ‘parallel’ VGCNFs. h) Filled and closed
‘parallel’ VGCNFs. g) A VGCNF with a filled ‘parallel’ section filled and an undamaged
‘herringbone’ end section.

SEM analysis of free-standing films (Figure 4.2) was used to assess the effect of
sonication on the average length of the VGCNFs. The images revealed evidence of
VGCNFs with ends which appear to be circular in shape (Figure 4.2c), while the
ends of other structures appear to be more deformed and more ellipsoidal in shape
(Figure 4.2d). The length of the fibers decreased with increasing sonication times.
For example, for free-standing films prepared by evaporative casting, the length
decreased from 3.2 µm (2 min sonication) to 1.5 µm (30 min sonication), see Figure
4.2e.

Similar results were obtained for films prepared by the vacuum filtration process.
This shortening of carbon nanostructures through sonolysis has been well
documented and can be attributed to acoustic shearing as a result of cavitation 149–151.
The effect of this length reduction on the electrical characteristics is discussed in the
next section.
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Figure 4.2. Typical scanning electron microscopy (SEM) images of free-standing films prepared
by evaporative casting of dispersions prepared by sonicating for a) 2 min and b) 30 min. c) and
d) are enlarged views of a and b), respectively. e) Average fibre length (assessed using image
analysis of SEM images) as a function of sonication time for films prepared by evaporative
casting (triangles) and Buckypapers (circles). The solid lines are fits to the data.

4.4.2. Electrical and Mechanical Characterisation:

The dispersions were used to prepare free-standing films by evaporative casting. The
resulting free-standing films were used to assess the effect of sonolysis on the
electrical and mechanical characteristics of these materials. Films prepared by
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evaporative casting were used as they retain all of the VGCNFs and gellan gum
materials present in the dispersion. In contrast, it is well-known that during the
vacuum filtration process (to produce Buckypapers) a proportion of the dispersant
and/or carbon fillers are removed. Hence, analysis on films prepared by evaporative
casting allows for a more accurate assessment of the effect of sonolysis.

The current-voltage (I-V) characteristics of all free-standing films (tested under
controlled ambient conditions) exhibited Ohmic behavior, i.e. linear I-V
characteristics. The total resistance (RT) of the films were calculated from the I-V
characteristics and plotted against film length (L) (Figure 4.3a). The conductivity was
then evaluated by fitting the RT versus L data to equation 1.12 66,293.
K

>
$ KR
28

(1.12)

The slopes of the linear fits shown in Figure 4.3a for films prepared by 4 min and 30
min sonication correspond to conductivity values of 35 ± 2 S/cm and 25 ± 1 S/cm,
respectively. Figure 4.3b shows that the conductivity decreased with increasing
sonication time, exhibiting a plateau value for films prepared by dispersion that have
been sonicated for at least 20 min. This behavior is linked to the sonication-induced
reduction in VGCNFs and can be explained as follows (similar to arguments used for
carbon nanotubes as detailed in

288

). The VGCNFs form a percolative network in

which the resistance is determined by the a combination of the resistances along each
of the VGCNFs and the junctions between the VGCNFs. It is relatively
straightforward to determine which of these the dominant effect is. A reduction in the
length of the VGCNFs is coupled with an increase in the number of junctions.
Therefore, if the junction resistance is the determining factor in the conductivity of
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the film then it has been shown that the conductivity should follow a power law
dependence on the length of the fibres

288

. In other words, conductivity decreases

with increasing length of the fibres if junction resistance is dominant, while
conductivity is independent of fibre length if junction resistance is neglible. Figure
4.3c shows that the conductivity as a function of fibre length follows a power law
with exponent 0.8. Hence, the junctions between the VGCNFs dominate the
electrical behavior of the films. RC values were recorded below 10 Ω for each film
measured and were found to be unrelated to overall film conductivity.

Figure 4.3. Electrical characterisation of free-standing composite films prepared by evaporative
casting. a) Total resistance (21 °C, 50% RH) as a function of film length for films prepared by
evaporative casting of dispersions sonicated for 4 and 30 minute. b) Electrical conductivity as a
function of sonication time. c) Conductivity as a function of average VGCNF length as
determined by SEM analysis. Straight lines in a) and c) are linear fits to equation 4.1 and power
law fit with exponent 0.8.
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Tensile testing was performed on free-standing films prepared by evaporative casting
to assess the effect of sonication on the mechanical characteristics (Figure 4.4a). The
Young’s modulus linearly decreased with increasing sonication time from 1.3 ± 0.3
MPa (4 min sonication) to 0.21 ± 0.07 MPa (20 min sonication), see Figure 4.4b.
This indicated that the films became more ductile with increasing sonication time,
i.e. the films failed at a higher strain but lower stress. Previous research

286,293

has

attributed this to a combined effect of damage to the polymer (shortening of the
polymer chain length with increasing sonolysis) and the carbon filler (reduction in
length as discussed above). The combined effect of this is a reduction in the Young’s
modulus and the tensile strength of the composite.
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Figure 4.4. a) Typical tensile stress-strain plots of free-standing films prepared by evaporative
casting of dispersions sonicated for 2, 4, 8 and 20 min. b) Young’s modulus as a function of
sonication time. The straight line in b) is a linear fit to the data.
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4.4.3. Spectroscopy:

Raman analysis was used to indicate the change in the level of graphitization of the
VGCNFs due to sonolysis. The spectra of the as-received VGCNFs (powder form),
and free-standing films prepared by evaporative casting of dispersions (sonicated for
4 min and 30 min) exhibited two characteristic Raman bands at 1330 ± 2 cm-1 and
1579 ± 5 cm-1, i.e. the D- and G-bands, respectively

311

. It is well-known that the

ratio of the intensity of the D-band over intensity of the G-band, (I(D)/I(G)), is
indicative of the level of graphitization. It provides an indication of the ratio of sp3 to
sp2 hybridized carbon. An increase in the I(D)/I(G) ratio corresponds to a decrease in
the graphitization (increase in sp3 to sp2 carbon) of the VGCNFs. In other words, the
change in ratio may indicate the effect of opening the VGCNFs and may provide an
indication of grafting of other surrounding groups onto the fibres.
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Figure 4.5. a) Raman spectra of VGCNF (unsonicated) and free-standing films formed from
dispersions sonicated for 2 min and 30 min. b) Ratio of the intentisy of the D-band over the
intensity of the G-band, I(D)/I(G) as a function of sonication time.

To better understand the effects of sonication on the chemical interactions within the
VGCNF dispersions, samples were characterised using XPS analysis. In contrast to
the films used for electrical and mechanical analysis, films prepared by vacuum
filtration were used, as this procedure removes a larger proportion of the dispersant
then carbon fillers. Figure 4.6 shows the typical XPS spectra recorded on
unsonicated (pristine) and sonication-treated VGCNFs. In the XPS spectrum for the
unsonicated sample a main peak at 284.4 eV is observed, which is associated with
photoelectrons emitted from sp2 carbon atoms. A low-intensity peak centred at 532.5
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eV indicates the presence of oxygen on the pristine fibres. The relative amount was
evaluated to be 2%. With increasing sonication time, an increase in the relative
amount of oxygen grafted at the VGCNF surface is observed (right inset, Figure 4.6)
followed by a decrease. The decrease can be explained by the removal of weakly
bound oxo-groups grafted at the onset of the sonication treatment. For longer
treatment times, the oxygen peak is centred at 534 eV (left inset, Figure 4.6).

Figure 4.6. XPS survey spectra recorded on unsonicated VGCNFs (black line), Buckypapers
produced from dispersions prepared using 2 min (red line) and 30 min (blue line) sonication.
The left inset shows the O 1s peak recorded on the pristine (black line) and on the 2 min
sonicated sample (red line). The right inset shows the relative amount of oxygen grafted at the
VGCNF for different sonication time.

More information on the chemical modification due to the sonication treatment can
be understood from closer analysis of the C1s XPS spectrum recorded on the
different samples. Figure 4.7 shows the comparison between the C1s peak recorded
from pristine and sonicated VGCNFs and the result of the curve fittings performed to
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explain the spectra. The pristine C1s peak centred at 284.4 eV (associated to
photoelectrons emitted from carbon atoms participating in sp2 bonds) is intrinsically
asymmetric (Figure 4.7a); this asymmetry is associated with the many-electron
response to the sudden creation of a photohole

312

. In addition to the asymmetric

function, two Gaussian functions were used to reproduce the other features observed
in the pristine spectrum. One Gaussian at 285.0 eV is associated with photoelectrons
emitted from carbon atoms at sp3 bonds in amorphous carbon. During VGCNF
synthesis, competing pathways can lead to amorphous carbon formation rather than
to crystalline graphitic nanofibres (as discussed in electron microscopy section, see
also Figure 4.1b-c). The other Gaussian, centred at 290.6 eV, corresponds to the
electron energy loss peak due to π-plasmon excitations.

The chemical modification produced by the sonication treatment can be identified by
a broad structure that peaks at 288 eV; this structure was previously attributed to
photoelectrons emitted from carbon atoms belonging to carbon functional groups
singly and/or doubly bound to one or two oxygen atoms

313

. To reproduce the C1s

peak recorded after 2 min of sonication (Figure 4.7b), 6 components were used: the
three components used for fitting the pristine VGCNF and three other Gaussian
components, centered at 286.1 eV (hydroxilic) , 287.2 eV (carbonylic) and 288.6 eV
(carboxylic). As the treatment time increased, the contribution of the photoelectrons
to the relative intensity of these components varied, notably the relative intensity of
the peak at 287.2 eV decreased (Figure 4.7c). This effect suggests that a balance
exists between the stability and the reactivity of the grafted groups; at the onset of the
oxygen treatment, different chemical groups are grafted, at this stage reactivity
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would be the principal parameter to define the nature and the amount of the grafted
species. Therefore, with increasing treatment (sonication) time, variation in the
intensity ratio among the components composing the C 1s spectrum is observed
(Figure 4.7d). We suggest that the variation in intensity ratio observed for increasing
treatment time is due to chemical interaction between the atomic oxygen and the less
stable bond configurations.

Figure 4.7. XPS analysis of (a) pristine VGCNF and sonicated VGCNFs for (b) 2 min and (c) 30
min. Green components are associated with the oxygen functionalisation. (d) shows the relative
concentration of the components used to reproduce the C 1s peak.
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4.5. Conclusions:

The effects of sonication on dispersions and free-standing films of vapour-grown
carbon nanofibres - gellan gum have been investigated. It was found that the average
length of the VGCNFs was halved with just 30 minutes of low energy sonication.
This was supported with a corresponding reduction in electrical and mechanical
characteristics. Electron microscopy analysis revealed that the VGCNFs were opened
and filled with the surrounding GG matrix during the sonication process. Undamaged
fibres remained unfilled (empty), whereas the proportion of filled VGCNFs increased
with increasing sonication time.

Spectroscopy analysis revealed that sonication treatment resulted in chemical
modification of the VGCNFs. In particular, it was demonstrated that a characteristic
XPS band associated with sp2 bonds in oxygen containing groups grafted to the
VGCFN surface changed its intensity with increasing sonication time. This paper
contributes to the understanding of sonolysis and its applicability to fill and
chemically functionalise carbon nanostructures.
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5 Electrical conductivity, impedance and percolation behaviour
of carbon nanofibre and carbon nanotube containing gellan
gum hydrogels

H. Warren, R.D. Gately, P. O’Brien, R. Gorkin III, and M. in het Panhuis

5.1. Abstract

The electrical impedance behaviour of gellan gum (GG), GG-carbon nanotube and
GG-carbon nanofibre hydrogel composites is reported. It is demonstrated that the
impedance behaviour of these gels can be modelled using a Warburg element in
series with a resistor. Sonolysis (required to disperse the carbon fillers) does not
affect gellan gum hydrogel electrical conductivity (1.2 ± 0.1 mS/cm), but has a
detrimental effect on the gel’s mechanical characteristics. It was found that the
electrical conductivity (evaluated using impedance) increases with increasing volume
fraction of the carbon fillers and decreasing water content. For example, carbon
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nanotube containing hydrogels exhibited a 6-7 fold increase in electrical conductivity
(to 7 ± 2 mS/cm) at water content of 82%. It is demonstrated that at a water content
of 95 ± 2% the electrical behaviour of MWNT containing hydrogels transitions
(percolates) from transport dominated by ions (due to gellan gum) to transport
dominated by electrons (due to the carbon nanotube network).

5.2. Introduction:

Electrically conducting hydrogel materials have been studied for a wide range of
applications such as strain sensors for soft robotics,25,34 stretchable conductors,314
foldable actuators

315,316

and neural prosthetic interfaces.36 As non-ionic hydrogels

are not natively electrically conductive, researchers have used various approaches to
increase the electrical conductivity of hydrogels by adding salt,34,314 doping with
strong acids,54 and incorporating conducting fillers such as conducting polymers
like poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS).43,317,318
In addition, it is well-known that the swelling ratio (wet mass divided by dry mass)
or water content of hydrogels has an important effect on the mechanical and
electrical characteristics of hydrogels.319 For example, it has been shown that the
electrical conductivity of double network hydrogels incorporated with a conducting
polymer (PEDOT) is inversely proportional to the swelling ratio.319
The conductivity of ion (ionic liquid containing) gels and hydrogels has been
evaluated using a wide variety of methods. They include alternating and direct
current measurement techniques such as electrical impedance, conductivity meters
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and 4-point probe methods.43,317,318,320,321 There are a number of differences between
these methods. For example, conductivity meters evaluate the impedance using an
alternating current at a single frequency, whereas 4-point methods use a direct
current, which is applied to the surface.
Most of the reported electrical conductivity values for conducting filler composite
hydrogel materials are in the order of 1-2 mS/cm. For example, PEDOT:PSS
composite hydrogels (water content 75-90%) exhibited values in the range 0.67 to
2.6 mS/cm depending on the conducting polymer content.317,318 Similar electrical
conductivity values were obtained for hydrogels consisting of polyacrylate and a
conducting polymer.320,322 Higher values (> 4.3 mS/cm) have been reported, but this
usually requires different synthesis strategies,319 or hydrogels solely consisting from
conducting polymer, i.e. without a polymer matrix.323
Gellan gum (GG) is an anionic extracellular polysaccharide produced by a
fermentation process of the bacterium Pseudomonas elodea.199 It is a hydrogelforming biopolymer, commonly used in the food industry as a thickener.197 GG
forms rigid gels by cross-linking with cations. It has been shown that divalent
cations, such as magnesium and calcium, are more effective cross-linkers than
monovalent cations.197,206 The application of GG as a material for tissue engineering
is rapidly gaining attention.32,324 In addition, several groups (including ours) have
shown that GG is an efficient dispersant for conducting carbon fillers such as carbon
nanotubes and carbon nanofibres.102,211,295,296
In this paper, we present the preparation and characterisation of conducting carbon
filler containing GG hydrogels. Conducting carbon fillers such as single-walled
(SWNTs) and multi-walled (MWNTs) carbon nanotubes and vapour grown carbon
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nanofibres (VGCNFs) are incorporated into hydrogels using sonication, followed by
physical cross-linking with Ca2+ ions. The gels are characterised using oscillatory
rheology and electrical impedance analysis.

5.3. Experimental:
5.3.1. Dispersion preparation
Gellan gum (GG) solutions were prepared by dissolving dry GG powder (low acyl
gellan gum, Gelzan, lot # 1I1443A), which was received as a gift from CP Kelco, in
Milli-Q water (100 mL, ~80 oC, resistivity 18.2 MΩ cm), while stirring at ~800 r.p.m
(IKA RW 20 digital). Composite dispersions of VGCNFs (Pyrograf Products, PR24LHT, Batch info: PS 1345 Box 8, HT 170), MWNTs (Nanocyl S.A., Belgium, lot
#090901) and SWNTs (Unidym Inc., USA, lot # P0261) in GG with carbon
materials:GG weight ratios of 10:3, 10:3 and 10:4, respectively, were prepared using
probe sonication with a digital sonicator horn (Branson Digital Sonifier). A power
output of 6 W was utilised with a 0.5 s on/off pulsing cadence and a tapered microtip
(Consonic, diameter 3.175 mm) placed 1 cm from the bottom of a glass vial
(diameter 25 mm)
5.3.2. Gel preparation
Hydrogels were prepared such that the final concentration of GG was 0.5% w/v.
Gellan gum hydrogels were prepared by cross-linking GG solutions or GG solutions
which were subjected to sonolysis of up to 50 min by adding 5mM CaCl2. For
example, a sonicated gellan gum hydrogel is prepared by sonicating 5 mg/ml GG
(0.5% w/v) for 50 min prior to cross-linking with Ca2+ ions (5 mM CaCl2, 80 oC).
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The solutions were then poured into plastic moulds and allowed to cool under
controlled ambient conditions (21 oC, 45 % relative humidity).
Composite hydrogels were prepared by adding fresh GG powder to VGCNF, MWNT
and SWNT dispersions (with stirring and heating at 80 °C until fully hydrated) to
increase the GG concentration to 0.5% w/v, prior to cross-linking with Ca2+ ions (5
mM CaCl2, 80 oC). For instance, a hydrogel containing 10 mg/ml of MWNT is
prepared by sonicating MWNT (10 mg/ml) for 30 min in 3 mg/ml of GG, after which
fresh GG powder is added to bring the total GG concentration to 5 mg/ml (0.5%
w/v). The dispersions were poured into plastic moulds and allowed to cool under
controlled ambient conditions (21 oC, 45 % relative humidity using a Thermoline
Scientific temperature/humidity chamber). Regardless of the amount of carbon filler,
the same proportion of GG was subjected to sonication. It should be noted that the
duration of sonication depends on amount and type of conducting filler, as it is easier
to disperse equivalent amounts of VGCNFs compared to MWNT as described in the
Results and Discussion section.
Hydrogels with water content from 0-100% were prepared by selectively removing
water under controlled ambient conditions using the temperature/humidity chamber.
Water content was determined using weight measurement.
5.3.3. Characterisation

Rheological analysis was carried out with an Anton Paar Physica MCR 301 Digital
Rheometer (parallel plate tool, 15 mm diameter) at 21 oC, with the aid of a Peltier
temperature controlled bottom plate system. Gels were poured into a mould with
dimensions of 10 mm height, 16 mm diameter. Strain amplitude sweep experiments
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were carried out at constant frequency of 10 Hz and oscillating strain varying
between 0.01 % and 10 %.

The electrical impedance behaviour of gel samples was obtained for frequencies
between 1 Hz and 100 kHz using a custom-designed instrument and sample
compartment (Figure 5.1). The sample compartment contains gels which were
moulded into a rectangular shape with a width of 1 cm, height 1 cm and length up to
2.5 cm. Reticulated vitreous carbon (RVC, ERG Aerospace) was incorporated into
the gels to provide gel-electrode contact, as seen in Figure 5.1 C. Impedance analysis
was performed by applying a 1 V peak voltage (alternating current signal) using a
waveform generator (Agilent U2761A), across the circuit consisting of a known
resistor (Rk, 10 kΩ) and the gel sample. The impedance was obtained by measuring
the voltage drop across the known resistor with an oscilloscope (Agilent U2701A).

5.3.4. Statistical treatment

The reported results are averages of the values obtained. Reported numerical errors
and graphical error bars are given as ± 1 standard deviation (SD). Data and outliers
were rejected either when instrumental error was known to have occurred, or if data
failed a Q-test with a confidence interval ≥ 95%.
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Figure 5.1. A) and B) Photographs of typical hydrogel samples (height 10 mm, diameter 16 mm).
C) Schematic of the custom-built electrical impedance analyser.

5.4. Results and Discussion

5.4.1. Impedance and electrical conductivity of gellan gum hydrogels

Electrical impedance analysis on gellan gum hydrogels, contacted with porous
electrodes, was carried out using a custom-built instrument (Figure 5.1 C). The
impedance measured in this manner provides information about the frequency
dependent behaviour of the charge carriers inside the gels. This method is different
from other commonly employed techniques such as an electrochemical impedance
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spectroscopy approach (evaluates the interfacial behaviour of charge carriers), 4point probe (applies a direct current usually to the surface of the material) and
conductivity meters (applies a single alternating frequency). Figure 5.2 A shows a
Bode plot of a typical GG hydrogel cross-linked with 5 mM Ca2+. The impedance
magnitude (|Z|) decreases with increasing frequencies and become independent of
frequency above 1 kHz.
The corresponding Nyquist plot (Figure 5.2 B) displays a linear relation between the
real (Z’) and imaginary (Z”) components of the impedance. At the intercept with the
x-axis, the impedance is purely real (Z” = 0) and the Z’ value represents a resistance.
The slope in the Nyquist plot is ~1, suggesting a 45˚ constant phase shift between
real and imaginary components of the impedance. This can also be recognised from a
log-log version of the Bode plot, i.e. slope of -1/2 in the low frequency region (data
not shown). This suggests that the hydrogel is behaving like a Warburg diffusion
element (ZW), in series with a resistor (RI).325 Under this model, Z’ and Z” are
inversely proportional to the square root of the frequency (ω) 325, according to:
Ka $ Wb (

S#

S ##

)c
\

)c
\

Wb (

,

,

(5.1)

(5.2)

This dependence is unique to the Warburg impedance and is generally referred to as
the Warburg plot (Figure 5.2 C). A fit of this data to equations 5.1 and 5.2 revealed
RI = 552 ± 3 Ω and µ = 2414 ± 120 Ω/s1/2. RI and µ can also be determined by
equivalent circuit modelling (Figure 5.2 A), which yielded RI = 672 ± 3 Ω and µ =
2200 ± 10 Ω/s1/2. The magnitude of RI and µ are influenced by the polymer and
charge carrier concentrations. For example, µ was found to be inversely proportional
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to Ca2+ concentration (data not shown). In the remainder of this paper, the values
quoted for RI and µ are determined using equivalent circuit modelling.

Figure 5.2. Electrical impedance analysis of a typical gellan gum hydrogel (0.5 % w/v, crosslinked with 5 mM CaCl2) of dimensions 0.5 cm (l) x 1 cm (w) x 1 cm (h). A) Bode plot, B)
Nyquist plot and C) Warburg plot. The solid line in A is a 2 parameter fit of data to an
equivalent circuit model consisting of a Warburg element in series with a resistor, while the
solid line in B is a straight line fit and in C is a fit to equation 5.1.
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The impedance values measured in this manner include a contact resistance, RC, due
to the interface between gel and electrodes (porous reticulated vitreous carbon,
RVC). It was observed that the impedance magnitude (at any given frequency)
increased with increasing gel length (Figure 5.3 A). Equivalent circuit modelling
revealed that RI was linearly proportional to gel length (Figure 5.3 B), while µ was
invariant with length (Figure 5.3 C). Hence, the increase of RI is directly related to
the amount of gel material, which increases with length. This provides us with a
method to correct the RI value due to the presence of electrode-hydrogel contact
resistance by realising that RI vs l should obey the following,

K

>
$ KR
28

(1.12)

where AC is the gel’s cross-sectional area and σ is the gel’s electrical conductivity (at
high frequencies). Fitting equation 1.12 to the data shown in Figure 5.3 B yielded σ =
1.2 ± 0.1 mS/cm and a contact resistance value of 176 ± 75 Ω.

One of the aims of this work is to investigate the electrical characteristics (including
conductivity) of conducting carbon filler containing hydrogels, which requires the
use of sonolysis. Hence, it is important to determine the effect of sonication on the
gel’s electrical and mechanical characteristics prior to incorporation of the
conducting fillers such as carbon nanotubes and carbon nanofibres.

130

5│

Evaluating Electrical Conductivity
using an Impedance Method

Figure 5.3. A) Typical impedance magnitude (|Z|) of GG hydrogels of varying length. B) Typical
resistance (RI) as a function of gel length. C) Typical Warburg coefficient (µ) values as a
function of gel length. D) Electrical conductivity of GG hydrogels (0.5% w/v, cross-linked with
Ca2+) as a function of sonication time, calculated from impedance analysis. Straight line in B) is
a linear fit to equation 5.3. µ and RI are obtained from equivalent circuit modelling of data
shown in A).
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The effect of sonolysis was assessed by preparing gellan gum hydrogels which were
subjected to probe sonication of up to 40 mins. Impedance analysis was used to
evaluate the electrical conductivity, as described in the previous section. Figure 5.3 D
shows that the gel electrical behaviour is not affected by sonication.
The decreasing trends observed in Figure 5.4 are a direct result of the shortening of
the polymer chains due to the process of horn sonolysis.326 During the sonication
process, cavities are created which leads to polymer chains experiencing large shear
forces.154 This results in a considerable reduction in the average chain length.292
Cross-linked gels formed from sonicated GG solutions are less rigid and flow more
easily with an applied shear strain; as evident from the reduction in storage modulus
with increasing sonication time (Figure 5.4).
Composite hydrogels were prepared by dispersing 1 mg/ml of either SWNTs,
MWNTs or VGCNFs into GG solutions with the aid of low energy sonolysis. The
GG concentration was adjusted such that the carbon material volume fraction for all
three materials was about 0.09%. The

density values of SWNT (1.50 g/cm3),

MWNT (2.15 g/cm3), VGCNF (1.95 g/cm3) and GG (1.3 g/cm3) were used to convert
mass fraction into volume fraction.102
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Figure 5.4. A) Storage modulus as a function of shear strain for GG hydrogels (0.5% w/v, crosslinked with 5 mM Ca2+) subjected to sonication. B) Storage modulus in the LVE region as a
function of sonication time.

Composite hydrogels were prepared by dispersing 1 mg/ml of either SWNTs,
MWNTs or VGCNFs into GG solutions with the aid of low energy sonolysis. The
GG concentration was adjusted such that the carbon material volume fraction for all
three materials was about 0.09%. The

density values of SWNT (1.50 g/cm3),

MWNT (2.15 g/cm3), VGCNF (1.95 g/cm3) and GG (1.3 g/cm3) were used to convert
mass fraction into volume fraction.102
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It is well-known that SWNTs are difficult to disperse, which is evident from the 120
± 10 min required to disperse 10 mg in GG solution (10 mL). In contrast, equivalent
amounts of MWNTs and VGCNFs took a lot less time (energy) to disperse, 12 ± 4
min and 2 ± 0.5 min, respectively. Impedance analysis showed that the gel electrical
conductivity is similar for all 3 types of conducting filler (σ ≈ 1.2 mS/cm), despite
the large differences in the conductivity of these materials in thin film form, i.e. 110
± 15 S/cm (SWNT), 50 ± 5 S/cm (MWNT) and 35 ± 2 S/cm (VGCNF).
This suggests that (in the hydrogels) the carbon-material volume fraction (0.09%) is
too low to contribute to the conduction mechanism. We aimed to address this using
two approaches (discussed in the next 2 sections), (i) increasing the carbon volume
fraction (which in turn requires increasing the sonication time), and (ii) decreasing
water content.
However, increasing the SWNT concentration beyond 1 mg/ml was not practical due
to the already large sonication times required to achieve a complete dispersion at that
concentration. Therefore, all further experiments involved VGCNFs and MWNTs.

5.4.2. Effect of increasing carbon filler volume fraction

All hydrogels were prepared with a GG concentration of 5 mg/mL and water content
> 98.5%. Dispersing MWNT at a concentration of 10 mg/mL in GG required 30 min
of sonication. It is shown in Figure 5.4 that this length of sonolysis results in
significant weakening of the gels. Hence, it was not possible to form MWNT
containing hydrogels by simply cross-linking the dispersion. Instead, fresh GG
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powder was added to the dispersions. These dispersions were cross-linked using Ca2+
ions and cast in plastic moulds while hot (~80 oC), to form rigid gels upon cooling to
room temperature (21 °C).

The Bode plots for the MWNT hydrogels are shown in Figure 5.5 A. It is clear that
increasing the MWNT volume fraction results in a decrease in the magnitude at all
frequencies. This indicates that the presence of MWNT is improving the electrical
characteristics of the gels.

VGCNF gels were prepared using a similar approach as the MWNT gels, i.e. GG
concentration is always fixed at 5 mg/mL. As VGCNF required less sonolysis
compared to the MWNT, it was possible to prepare hydrogels with higher volume
fractions compared to the MWNT. Dispersing 17.5 mg/mL of VGCNF required only
12 min of sonication. This difference allowed for the preparation of gels with volume
fraction of up to 0.89%. Regardless of the volume fraction, the same proportion of
GG was subjected to sonication.

The Bode plots for the VGCNF hydrogels (Figure 5.5 B) exhibit the same trends as
shown for the MWNT gels, i.e. the impedance magnitude decreases with increasing
VGCNF volume fraction.
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Figure 5.5. A) and B) Typical impedance magnitude (|Z|) of MWNT and VGCNF hydrogels
(length = 1 cm) with different carbon material volume fractions, respectively. C) Electrical
conductivity as a function of carbon filler volume fraction for GG hydrogels (0.5% w/v, crosslinked with Ca2+). Squares and diamonds indicate MWNT and VGCNF, respectively. Lines are
fits to the data.

A comparison between the two different types of carbon material containing gels
(water content > 98.5%) leads to the following observations: (i) VGCNFs require
136
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less sonolysis to disperse than MWNTs, and (ii) MWNTs require a lower volume
fraction to influence the electrical conductivity. For example, the volume fractions
required to reach an electrical conductivity value of 2.1 ± 0.4 mS/cm is about 0.89%
for VGCNF, but only 0.41% for MWNTs. This could be attributed to the higher
intrinsic electrical conductivity of MWNTs over VGCNFs.
This approach is clearly limited by the amount of water (98.5%) present in these
gels. It was not possible to increase the carbon filler volume fraction beyond 0.89%
(and thereby decrease the water content) due to the disperse-ability of the conducting
fillers and the sonication method. Therefore, in the following section the effect of
reducing water content on the electrical behaviour of the gels was investigated.

5.4.3. Effect of decreasing water content

The hydrogels were prepared at the highest possible carbon filler concentration with
water content > 98.5%, i.e. MWNT and VGCNF volume fractions of 0.41% and
0.89%, respectively, as outlined in the previous section. These gels (starting weight ≈
4.2 g) were then placed in a temperature-humidity chamber and their water content
was selectively reduced under controlled circumstances at a rate of 0.43 ± 0.01
g/hour. This experiment (which can be seen as de-swelling) allows us to maintain
accurate knowledge of the water, polymer and conducting filler contents in our gels.
The Bode plots of MWNT gels at different water contents are shown in Figure 5.6.
At 98% the Bode plot shows a dependence of impedance magnitude on frequency
similar to those shown in Figures 5.3 A and 5.5 A. It shows a clear frequency-
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dependent region for frequencies below 1 kHz, and we have shown that this transport
behavior is indicative of a Warburg element in series with a resistor. However, as the
water content decreases, the frequency dependence at lower frequencies disappears.
It is clear that at 94.5% water content, the Bode plot is indicative of a resistor, i.e.
transport dominated by electrons. Equivalent circuit modeling revealed that the
Warburg coefficient values decreased from 1400 Ω/s1/2 at WC = 98% to 19 Ω/s1/2 at
WC = 94.5% (see Figure 5.7 A). These could suggest that a percolative MWNT
network is formed, which is further explored below.

Figure 5.6 Typical Bode plots for MWNT containing hydrogels at water contents of 98.0%,
96.0%, 95.5% and 94.4%.
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Figure 5.7 A) Typical Warburg coefficient (µ) values as a function of water content for MWNT
(diamonds) and VGCNF (squares) containing hydrogels. The solid lines are three-parameter fits
of the Warburg coefficient to equation 5.4. B) Electrical conductivity as a function of water
content for MWNT (diamonds) and VGCNF (squares) containing hydrogels. C) Electrical
conductivity as a function of carbon filler volume fraction for MWNT (diamonds) and VGCNF
(squares) containing hydrogels. The solid lines are three parameter fits to equation 5.5.

Our analysis of conducting filler network formation was based on Warburg
coefficient data for the following reason. During the de-swelling experiment, gels
undergo a dimensional change as a result of water loss. Figure 5.3 B shows that the
resistance is dependent on gel dimension; whereas Figure 5.3 C shows that the
Warburg coefficient is not.
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Figure 5.7 A shows that the dependence of the Warburg coefficient on water content
for MWNT containing gels undergoes a sharp transition around WC = 95%. This
transition identifies the WC point at which the electrical behaviour of the gels
becomes dominated by electrons, i.e. formation of a conducting filler network in the
hydrogel. This trend is similar to the well-known scaling behaviour of electrical
conductivity with conducting filler mass fraction in composite materials. The
composite materials become electrically conducting at the threshold concentration
where a percolative network is formed. This behaviour is traditionally fitted using the
statistical percolation model, similar to equation 3.1.171,256 Our data could be fitted
using a similar model:

μ

μ0 (WC – WCp)t + C ,

(5.1)

where µ0 is a scaling factor, WCp is the percolation threshold in terms of water
content, C is a constant, and t is the exponent. A fit of the data for MWNT gels
(Figure 5.7 A) resulted in the following values, µ0 = 420 ± 180 Ω/s1/2, WCp = 95 ±
2%, t = 1.5 ± 0.6, and C = 20 ± 8 Ω/s1/2, respectively.

In contrast to the MWNT gels, the VGCNF containing gels exhibited a more gradual
reduction in Warburg coefficient. For example, µ decreased from 1400 Ω/s1/2 at WC
= 98% to 325 Ω/s1/2 at WC = 85%, with a further reduction to 3 Ω/s1/2 at WC = 60%.
A fit of this data to equation 5.4 revealed the following values, µ0 = 88 ± 20 Ω/s1/2,
WCp = 81 ± 2%, t = 1.0 ± 0.4, and C = 3 ± 1 Ω/s1/2, respectively.
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The electrical conductivity of the gels as a function of water content was determined
using RI values (as determined by equivalent circuit modeling), the gel’s dimension
and equation 5.3. Figure 5.7 B shows that the conductivity of the MWNT and
VGCNF gels increased with decreasing water content (Figure 5.7 B). For example, at
WC = 82% the MWNT containing gel yielded an electrical conductivity value of 7 ±
1 mS/cm. Similar values were obtained for the VGCNF containing gels.

The combined electrical conductivity data for the effects of increasing carbon filler
(Figures 5.5 C) and decreasing water (Figure 5.7 B) is shown in Figure 5.7 C and
was fitted using the statistical percolation model from equation 3.1; where σ0 is a
scaling factor, φ is the carbon filler volume fraction, φp is the percolation threshold in
terms of carbon filler volume fraction and t is the exponent. The resulting t values of
the MWNT (t = 0.8 ± 0.3) and VGCNF (t = 0.7 ± 0.3) containing gels are lower than
the predicted scaling values for in two and three dimensions, i.e. t = 1.3 and t = 2,
respectively.

5.5. Conclusions

The mechanical and electrical characteristics of gellan gum, carbon nanotube-gellan
gum and vapour-grown carbon nanofibre hydrogels has been investigated. The
electrical characteristics of these hydrogels were assessed using a custom-built
impedance analyser. Our analysis revealed that the impedance behaviour of these
gels could be modelled using a Warburg diffusion element in series with a resistor.
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These resistor values were used to calculate the electrical conductivity after
correcting for electrode-sample contact resistance.

Sonolysis had a detrimental effect on the mechanical characteristics, as measured
using the shear modulus. For example, subjecting a gellan gum solution to 40
minutes of horn sonication prior to gelation resulted in a decrease in shear modulus
from 19.2 ± 3.1 kPa to 2.2 ± 0.4 kPa. In contrast, it was observed that sonolysis did
not affect the electrical conductivity of the gellan gum hydrogels (1.2 ± 0.1 mS/cm).

Incorporating MWNT and VGCNF through addition of more filler was found to
result in a modest enhancement of the electrical conductivity. Larger increases in
conductivity could be obtained by selectively removing water content.

Impedance analysis was used to show that MWNT containing hydrogels undergo a
sharp transition from transport dominated by ions (due to gellan gum) to transport
dominated by electrons (due to conducting fillers). For example, percolation analysis
showed that the MWNT form a percolative network within the hydrogels at water
content of 95 ± 2%. MWNT containing gels exhibited an electrical conductivity of 7
± 1 mS/cm at water content of 82%.

This paper contributes to the development and characterisation of electrically
conducting hydrogel materials.
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6. Electrically Conducting PEDOT:PSS – Gellan Gum Hydrogels

Holly Warren and Marc in het Panhuis

6.1. Abstract

Hydrogels consisting of the conducting polymer PEDOT:PSS and the biopolymer
gellan gum (GG) were characterized using electrical, mechanical and rheological
methods. Compression testing and rheological analysis showed that the gels
weakened with increasing PEDOT:PSS content. In contrast, the increasing
PEDOT:PSS content resulted in an increasing electrical conductivity.

6.2. Introduction

Bionic and soft-robotic applications require soft materials which are both electrically
conducting and mechanically compliant 6. Gels based on biopolymers are suitable
candidates for such materials as they are classified as soft materials

32

. Conducting
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polymers are well-known materials which can be used to fabricate conducting
composites. For example, it has been found that conducting polymers have enhanced
the lifetime of neural implants 36 by reducing localized tissue damage. Gellan gum is
a linear anionic polysaccharide, derived from the bacterium Sphingomonas Elodea
197

. It is a gel-forming biopolymer with a tetrasaccharide repeating unit structure;

commonly used as a food additive with Food and Drug Administration and European
Union approval (E418). It is cross-linked with cations at high temperatures (~80oC)
to form rigid hydrogels upon cooling. It has been found that divalent cations
efficiently promote the gelation of gellan gum due to the formation of ionic bonds
between the carboxyl groups on adjacent chains 327.

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) is a block
copolymer consisting of anionic PSS and cationic PEDOT. It is a conducting
polymer which has been used in applications such as humidity and temperature
sensors 135, anti-static coatings 136 and actuators 133.

In this study, gellan gum is combined with a conducting polymer, PEDOT:PSS, to
assemble electrically conducting gels. These hydrogels are characterized using
mechanical compression testing, rheological analysis and electrical impedance
analysis.
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6.3. Experimental

Low acyl gellan gum (GG) was received as a gift from CP Kelco (Gelzan, Lot #
1I1443A). All solutions and subsequent gels were prepared with Milli-Q water
(resistivity ~ 18.2 MΩ·cm). Gellan solutions were prepared by adding dry GG
powder to heated (~80oC) water under rapid stirring (800 r.p.m) using an overhead
stirrer (IKA RW 20 digital). PEDOT:PSS, (conductive grade, 1.3 % solution in
water, batch no. MKBJ4242V) was purchased from Sigma Aldrich, Australia.

PEDOT:PSS-GG hydrogels were prepared as follows: PEDOT:PSS dispersions were
heated to ~80oC, appropriate quantities of hot GG solutions were added while stirring
to result in gels with GG concentration 0.5 % w/v. CaCl2 solution was added such
that the composite solution contained 5 mM Ca2+ ions. For example, a PEDOT:PSSGG gel with PEDOT:PSS content of 1.05 % w/v was prepared by combining 15 mL
PEDOT:PSS dispersion with 5 mL GG solution (2% w/v) and 100 µL CaCl2 solution
(1M). Hot liquids were poured into plastic molds (diameter 16 mm, height 10 mm),
forming gels upon cooling.

Electrical impedance analysis was carried out using a custom-built instrument.
Conductivity was evaluated from impedance measurements (1 Hz – 100 kHz).
Mechanical testing was carried out using a Shimadzu Universal Tester at a rate of 2
mm/min using a 50N load cell. Oscillatory rheology was performed using an Anton
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Paar Physica MCR 301 Digital Rheometer (parallel plate tool, diameter 15 mm) at a
frequency of 10 Hz while performing a shear strain sweep.

6.4. Results and Discussion

Hydrogels were prepared by combining PEDOT:PSS dispersions with GG solutions
and cross-linked with Ca2+. Electrical impedance analysis was used to evaluate the
electrical conductivity of these PEDOT:PSS-GG hydrogels (Figure 6.1). The GG
gels are conducting (σ = 1.38 ± 0.07 mS/cm), even in the absence of PEDOT:PSS,
due to the presence of ionic charge carriers. PEDOT:PSS volume fractions were
calculated from the PEDOT:PSS (0.8 g/cm3 328), GG (1.3 ± 0.03 g/cm3 102) and water
densities. The conductivity increased with increasing PEDOT:PSS volume fraction.
For example, the conductivity of PEDOT:PSS-GG gel (1.05 % w/v PEDOT:PSS) has
increased by 128 % compared to the corresponding value for a GG hydrogel, i.e.
from 1.38 ± 0.07 mS/cm to 3.15 ± 0.14 mS/cm.
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Figure 6.1. Electrical conductivity as a function of PEDOT:PSS volume fraction for rigid
PEDOT:PSS-GG samples, measured using a custom-built apparatus for electrically
characterizing liquids and gels.

Mechanical and rheological analysis was used to probe the effect of PEDOT:PSS on
the

mechanical characteristics of GG gels. GG hydrogels (0.5 % w/v) had an

average storage modulus of 24.3 kPa in the linear viscoelastic (LVE) region, prior to
the addition of PEDOT:PSS. Figure 6.2 shows the storage (elastic) modulus in the
LVE region as a function of shear strain. For all PEDOT:PSS concentrations, the loss
modulus was always lower than the storage modulus in the LVE region, indicating
that these materials were true gels. The storage modulus decreases with increasing
PEDOT:PSS content. For example, it was found to decrease by one order of
magnitude when the PEDOT:PSS volume fraction was increased from 0 to 1.05 %.
This suggests that addition of PEDOT:PSS weakens the GG network structure.
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Figure 6.2. a) Rheological storage modulus as a function of oscillatory shear strain and b)
average storage modulus in the LVE region for rigid PEDOT:PSS-GG hydrogels with varying
PEDOT:PSS volume fractions between 0 and 1.05 % v/v.

These observations were further supported by the results from mechanical
compression testing. Typical stress-strain curves of PEDOT:PSS gels are shown in
Figure 6.3a. This data is used to calculate tangent modulus (5 – 10 % strain), stress at
failure and strain at failure values.

Figure 6.3b is a plot of the tangent modulus as a function of PEDOT:PSS volume
fraction. The depicted decrease in the tangent modulus is indicative of a weakening
in the gel structure, as observed in the rheological data. Figures 6.3c and d exhibit a
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decrease in both the stress and strain values at failure as a function of PEDOT:PSS
volume fraction. These measurements indicate that GG gels are mechanically
weakened by the presence of PEDOT:PSS. It is suggested that the reduction in
mechanical properties can be attributed to the cationic PEDOT:PSS inhibiting the
Ca2+ cross-linking of the anionic GG polymer chains by complexation of the
available cross-linking sites. This is contrary to previous studies which demonstrated
a strengthening effect with the addition of PEDOT:PSS to polyacrylamide (PAAm)
43

and poly(acrylic acid) (PAA) 63 gels. It was suggested that PEDOT:PSS reinforced

these covalently gel networks via entanglement.

Figure 6.3. a) Stress-strain curves for PEDOT:PSS-GG rigid hydrogels at 0.35 %, 0.70 % and
1.05 % volume fraction PEDOT:PSS. The straight line fits between 5-10 % strain indicate data
used to calculate tangent modulus. b) tangent modulus, c) compressive strain at failure and d)
compressive stress at failure as a function of PEDOT:PSS volume fraction. The lines in b-d) are
to guide the reader’s eye.
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6.5. Conclusions

The preparation and characterization of PEDOT:PSS-gellan gum hydrogels is
presented. It was shown that the electrical conductivity increased proportionally with
PEDOT:PSS volume fraction between 0.35 % and 1.05 % to a value of 3.15 ± 0.14
mS/cm. However, this increase in conductivity with PEDOT:PSS volume fraction is
coupled with a decrease in storage modulus, tangent modulus, stress at failure and
strain at failure. This work has shown that conducting gels can be prepared by
combining a biopolymer with a conducting polymer.
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7. Conducting polymer-carbon nanofibre hydrogels with high
conductivity

Holly Warren and Marc in het Panhuis

7.1. Abstract:

The electrical conductivity and impedance behaviour of composite hydrogel
materials

containing

the

biopolymer

gellan

gum

(GG),

the

conducting

polymer, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and
conducting carbon fillers is reported. Commercially available PEDOT:PSS was
shown to be an efficient dispersant for vapour grown carbon nanofibres (VGCNFs).
The gelation characteristics of cross-linked composite gels are described through use
of a custom-built impedance analyser and compared to a rheological characterisation
method. It was found that the conductivity of cross-linked hydrogels was inversely
proportional to the water content. For example, composite PEDOT:PSS-VGCNF-GG
hydrogels exhibited conductivity of 107 ± 6 mS/cm at 81% water content. Impedance
analysis showed that the conduction mechanism transferred from ion-dominated to
electron-dominated as the water content was reduced below an electrical percolation
threshold at 87.2%.
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7.2. Introduction:

Hydrogel electrodes offer a solution to problems involving hard conducting
components in soft robotic and bionic applications where mechanical matching is
necessary. Previous studies have presented PEDOT:PSS hydrogels as potential
materials for gel capacitors, liquid separation mesh and electromechanical actuators
43,63,329,330

. Composite materials containing conducting polymers and conducting

carbon fillers (e.g. carbon nanotubes) are being investigated for potential applications
such as transparent conductors, photovoltaics, transistors and inverter devices
144,331,332

. In particular, PEDOT:PSS-carbon nanotube composites have potential

applications such as transistors, high efficiency solar cells and flexible displays
145,333–335

. The commonly used technique for preparing composites containing the

conducting

polymer

poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate)

(PEDOT:PSS) and conducting fillers such as carbon nanotubes (CNTs) is to disperse
the CNTs into a dispersant (such as a surfactant), followed by mixing with a
PEDOT:PSS dispersion

142,143,335

. The addition of two non-conducting liquids will,

however, reduce the concentration of conducting fillers. As such, it has been
discovered that PEDOT:PSS can act as a dispersant for stabilizing CNTs in aqueous
media

144,145

. This serves to reduce the water content (and increase conducting filler

concentration) in subsequent composite dispersions and can also reduce the CNTCNT junction resistance

146

. This can be explained by CNT alignment due to the

large PEDOT:PSS polymers creating narrow conducting channels of CNTs upon
drying 146.
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Previous studies have reported electrical conductivity values of up to 2.6 mS/cm and
1.2 mS/cm for polyacrylamide-PEDOT:PSS and polyacrylic acid-PEDOT:PSS
hydrogels, respectively, measured with a 4-point probe method 317. This conductivity
was increased to 4.1 mS/cm by forming a thin PEDOT:PSS film and swelling with
an aqueous ionic solution

323

. In other research, a self-assembled graphene hydrogel

containing 97.4% water recorded a conductivity of 4.9 mS/cm 336.

VGCNFs are similar to MWNTs, however the graphitised walls lie at an angle
between 4 and 36o to the length of the hollow fibre 110. The structure may be referred
to as “cup-stacked” or “herringbone”

337

. VGCNFs are produced using chemical

vapour deposition (with a floating catalyst) and are often coated with an amorphous
carbon layer

109

. This low-crystallinity external layer, which reduces the electrical

conductivity, can be removed via a post-production heat treatment

106

. Recently, it

has been shown that vapour grown carbon nanofibres (VGCNFs) in gellan gum (GG)
required considerably less sonic energy to disperse than either single- or multi-walled
CNTs 295.

Gellan gum is a linear anionic polysaccharide derived from the bacterium
Pseudomonas (or Sphingomonas) elodea

206

. GG has been granted FDA (Food and

Drug Administration) and EU (E418) approval for use in food 197 and currently has a
wide range of applications due to its gel-forming characteristics 201. Aside from these
applications, it has also been shown to be an efficient dispersant of conducting
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, and previous studies have used it in conjunction with

PEDOT:PSS to prepare electrically conducting composite hydrogels 338.

Our previous research recorded electrical conductivities of 2.1 and 2.0 mS/cm for
respective MWNT-GG and VGCNF-GG hydrogels with water content > 98.5%

339

.

This work will focus on dispersing VGCNFs directly into PEDOT:PSS, followed by
adding GG to form composite, conducting hydrogels. The rheological and electrical
characteristics of the hydrogels will be analysed in detail to elucidate the
fundamental properties and mechanism for conduction.

7.3. Experimental:

7.3.1. Preparation of dispersions:

PEDOT:PSS (conductive grade, 13 mg/mL in water, batch no. MKBJ4242V) was
purchased from Sigma Aldrich (Australia). Vapour grown carbon nanofibres
(VGCNFs, PR24-LHT, Batch info: PS 1345 Box 8, HT 170) were purchased from
Pyrograf Products Inc. (USA). Low-acyl gellan gum (GG) was received as a gift
from CP Kelco (USA, Gelzan, Lot # 1I1443A). All solutions and subsequent gels
were prepared with Milli-Q water (resistivity = 18.2 MΩ·cm). Gellan solutions were
prepared by adding dry GG powder to heated (~80oC) water under rapid stirring (800
r.p.m.) using an overhead stirrer (IKA RW 20 digital). Homogenous carbon
nanofibre-gellan gum (FG) and carbon nanofibre-conducting polymer (PF)
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dispersions were prepared by adding various quantities of VGCNF powder to GG
and PEDOT:PSS solutions, respectively. These were then sonicated using a digital
sonicator horn (Branson Digital Sonifier) with a power output of 6 W in pulse mode
(0.5 s on/off) and a tapered microtip (Consonic, diameter 3.175 mm) placed 1 cm
from the bottom of a glass vial (diameter 25 mm), for up to 20 minutes.

7.3.2. Preparation of hydrogels

Cross-linked hydrogels were prepared with a GG concentration of 5 mg/mL. FG
hydrogels were obtained by first dispersing the VGCNFs in GG solutions, followed
by adding fresh GG powder to the dispersion with constant heating (~80 oC and
stirring) until fully hydrated. These hot solutions were then cross-linked using hot
CaCl2 (~80 oC, 5mM final concentration). Conducting polymer-carbon nanofibregellan gum (PFG) hydrogels were prepared as follows. First, VGCNFs were
dispersed in a PEDOT:PSS dispersion, which was then heated to ~80 oC under
stirring. Then, resulting hot PF dispersions (15 mL, 80 oC) were then mixed with hot
GG solutions (5 mL, 20 mg/mL concentration, 80 oC), followed by cross-linking
with CaCl2 (~80 oC, 5mM). The hot PFG dispersions were then poured into
cylindrical shaped plastic moulds (10 mm height, 16 mm diameter) and allowed to
cool under controlled ambient conditions (21 oC, 50 % relative humidity) until
completely gelled.

7.3.3. UV-visible-NIR spectroscopy
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The absorbance behaviour of dispersions (diluted to VGCNF concentration of 6.67
mg/mL) between 300 and 700 nm was obtained for varying sonication times using
UV-visible-NIR spectroscopy (Cary 500 UV-Vis-NIR spectrophotometer) with a 1
cm path length cuvette.

7.3.4. Electrical impedance characterisation:

The impedance behaviour of dispersions and hydrogels were assessed as follows.
First, dispersions were poured into plastic sample holders (acrylic 1 cm width, 1 cm
height, 0.5 - 2.5 cm length) containing two pieces of reticulated vitreous carbon
(RVC, ERG Aerospace, USA, 20 pores per inch). RVC was used in order to create a
contact between the hard instrument electrodes and the soft hydrogel materials. A
custom-designed instrument was used to measure electrical impedance for
frequencies between 1 Hz and 100 kHz 339. Briefly, an alternating current signal (1 V
peak voltage) was applied using a waveform generator (Agilent U2761A) across a
circuit consisting of a known resistor (10 kΩ) and the gel sample. The impedance
was obtained by measuring the potential difference across the known resistor with an
oscilloscope (Agilent U2701A). Electrical conductivity of gel samples was
calculated using electrical impedance values at varying lengths.

Drying experiments were performed on cross-linked composite hydrogels which
were cast into the same plastic moulds used for electrical characterisation. Water was
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removed from the hydrogels under controlled conditions (30

o

C in a

temperature/humidity chamber) for up to 12 hours. Electrical impedance
measurements were taken at regular time intervals. All gels were weighed prior to
each electrical measurement to assess water content.

Gelation temperature measurements were carried out as follows. A hot gel (60 oC)
was allowed to cool under ambient temperature/humidity conditions. Impedance was
measured and averaged for frequency sweeps between 100 Hz and 100 kHz during
the cooling process. Temperature was measured using a digital thermometer probe
(Jaycar Electronics, Australia) which was set into the hot gel solution (2.5 cm
length).

7.3.5. Rheology:

Rheological characterisation was carried out using a rheometer (Anton Paar, Physica,
MCR 301 Digital Rheometer) coupled with a controlled temperature stage (Peltier,
P-PTD 200). Shear strain sweeps between 0.001 and 10 % were used to assess the
dynamic modulus in the linear viscoelastic (LVE) region of cylindrical gels, using a
parallel plate tool (15 mm diameter). The gel transition temperature was assessed by
measuring the complex viscosity during cooling from 50 oC to 15 oC at a rate of 2
o

C/min using a conical plate tool (1o, 50 mm diameter).
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Figure 7.1. Images of A) a diluted PEDOT:PSS dispersion (left) and PEDOT:PSS-VGCNF (PF)
dispersion (right) and B) a cross-linked PEDOT:PSS-VGCNF-GG (PFG) hydrogel in plastic
sample holder with porous RVC electrodes used for impedance measurements.

7.4. Results and Discussion:

7.4.1. Preparation of PEDOT:PSS-VGCNF dispersions:

UV-visible-NIR spectroscopy was used to analyse VGCNFs dispersed in the
commercial PEDOT:PSS solution during the sonication process. It has been shown
that there is a strong correlation between UV-visible absorbance intensity and
concentration of carbon-based materials

89

. Hence, the quantity of VGCNFs is

deemed to be fully dispersed when the absorbance becomes independent of input
sonic energy 159. Figure 7.2 A is a typical absorbance versus sonic energy plot for a
166

7│ Conducting Polymer – Carbon
Nanofibre Hydrogels

dispersion of VGCNFs (15 mg/mL) in PEDOT:PSS (13 mg/mL). A single
wavelength at which PEDOT:PSS had minimal absorbance (420 nm340) was chosen
for comparison of absorbance intensity as a function of sonication energy. A rapid
increase in absorbance intensity (dilution adjusted according to VGCNF content) at
420 nm prior to becoming independent of sonication time at 1.44 kJ input energy
(Figure 7.2 B). Maximum absorbance of 0.23 a.u. was calculated for varying
concentrations of VGCNFs in PEDOT:PSS dispersion (13 mg/mL). 15 mg/mL
VGCNFs was the highest concentration at which dispersivity was achieved in
PEDOT:PSS. Higher concentrations of VGCNFs were above the rheological
percolation threshold (sol-gel transition point) and therefore no longer flowed back to
the sonicator tip after acoustic cavitation. i.e. the viscosity was too high for efficient
sonication.

Figure 7.2. Typical UV-visible-NIR spectroscopy spectra for 10 mg/mL VGCNFs dispersed in 13
mg/mL PEDOT:PSS solution. A) Absorbance as a function of wavelength for varying sonication
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times and B) absorbance at 420 nm as a function of input sonic energy (6 W input power). Solid
line indicates complete dispersion.

Table 7.1 shows the time and energy required for each concentration of VGCNFs to
reach complete dispersion in PEDOT:PSS. These optimised sonication times were
used for all further experiments. 15 mg/mL VGCNFs required 144 J for optimum
dispersion (9.6 J/mg). This shows a higher efficiency than previous research where
273 J sonic energy was required for the same quantity of nanofibres to be dispersed
in a 4.5 mg/mL gellan gum (GG) solution
dispersed in a 3 mg/mL GG solution

102

295

, 1.44 kJ for 15 mg/mL MWNTs

and 100 kJ for 5 mg/mL SWNTs dispersed

in a 10 mg/mL SDS solution 159.
Table 7.1 Data compiled from UV-vis-NIR absorbance spectroscopy analysis of VGCNFs
dispersed in 10 mL PEDOT:PSS (13 mg/mL) solution.

PEDOT:PSS : VGCNF
ratio (mg/mL)
13 : 15
13 : 12.5
13 : 10
13 : 7.5
13 : 5

VGCNFs (mg) Time (mins)
150
125
100
75
50

4
3
2
1
0.5

Energy (J)

Expense (J/mg)

1440 ± 360
1080 ± 360
720 ± 180
360 ± 180
180 ± 90

9.6 ± 2.4
8.6 ± 2.9
7.2 ± 1.8
4.8 ± 2.4
3.6 ± 1.8

7.4.2. Gelation of dispersions

Cross-linked hydrogels were prepared from a range of composite dispersions through
complexation with GG solution (5 mg/mL) and subsequent cross-linking with CaCl2,
during heating (~80 oC) and constant stirring. 15 mL PF composite dispersion was
mixed with 5 mL concentrated GG solution (20 mg/mL); resulting in hydrogels with
PEDOT:PSS and GG concentrations of 9.75 and 5 mg/mL, respectively. For
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determination of the gelation temperature of cross-linked gels, electrical impedance
and rheological testing was carried out over a decreasing temperature range (~80 oC
to 21 oC).

The electrical impedance of various gel temperatures was measured over an array of
frequencies (100 Hz – 100 kHz). An increase was observed for decreasing GG (5
mg/mL) temperature (Figure 7.3. A). The relation between diffusion and temperature
can be explained by an Arrhenius-style equation where diffusion is inversely
proportional to the temperature. This suggests that the rate of increasing impedance
should be linear for decreasing temperature; however, the recorded increase between
25 and 35 oC is greater than the increase between 35 and 45 oC. This may be
attributed to the decreasing charge-carrier mobility associated with a phase change
341

, i.e. as the dispersion transitions from a liquid to a gel. To further analyse this

trend, the average impedance across all frequencies was plotted against the gel
temperature (Figure 7.3. B). A pronounced change in slope was observed between 30
and 40 oC, which is indicative of a sol-gel transition point. By fitting lines to data
above and below this region, the intersection revealed the point of gelation: 37 ± 1 oC
for a GG hydrogel (5 mg/mL).

In support of this finding, a standard oscillatory rheology method was used to
measure the complex viscosity for gel temperatures between 50 and 15 oC. A
dramatic increase in complex viscosity was observed between 35 and 40 oC (Figure
7.3. C). Trend lines were fit above and below this increase, as before, with an
intersection point at 38 ± 1 oC. This rheological gelling point, which is within
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experimental error of the electrical impedance gelling point, verifies the accuracy of
the novel impedance technique.

Figure 7.3. Analysis of the gelation of a 5 mg/mL cross-linked GG hydrogel. A) Electrical
impedance magnitude as a function of frequency for 2.5 cm3 samples at varying temperature. B)
Average electrical impedance magnitude as a function of temperature. 2 trend lines are fit to
data below 35 oC and above 40 oC. C) Oscillatory rheology measuring the complex viscosity as a
function of temperature. 2 trend lines are fit to the data below 35 oC and above 40 oC.
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Electrical and rheological testing regimes were carried out to measure the gelation of
each hydrogel type. Addition of PEDOT:PSS to GG hydrogels exhibited little effect
on gelation properties, with sol-gel transition points in close agreement. However,
incorporation of the VGCNFs resulted in a reduction in gelation temperature (Table
7.2). This can be attributed to the high thermal conductivity of carbon nanofibres

114

causing more efficient gel cooling; thus, resulting in a shorter cooling time and a
lower gelation temperature.

For each gel, the electrical impedance analysis agrees (within error) with rheological
analysis. Potential applications of sol-gel determination through electrical impedance
analysis include pinpointing the gelation time of slow-gelling hydrogels or
establishing the required cross-linker concentration. Both of these techniques offer a
non-invasive and non-destructive alternative to present methods, allowing for
observation under realistic conditions.

Table 7.2. Electrical impedance, rheological dynamic modulus and mechanical compression
characterisation of cross-linked hydrogels containing GG, PEDOT:PSS and VGCNFs.
o

Sample

Temperature of gelation ( C)
Rheology

Impedance

GG

37.9 ± 1.3

37.1 ± 1.0

PG

37.4 ± 5.1

37.1 ± 0.3

FG

36.8 ± 1.6

35.9 ± 0.2

PFG

35.7 ± 3.6

36.3 ± 0.3
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7.4.3. Conductivity of hydrogels:

The electrical conductivity of each GG hydrogel containing PEDOT:PSS and
VGCNFs is assessed using electrical impedance analysis. In brief, conducting
hydrogels with ionic charge carriers can be modelled as a Warburg diffusion element
in series with a resistor

339

. Fully hydrated (97.5 % water) PFG optimised hydrogels

recorded a conductivity of 4.0 ± 0.6 mS/cm (Figure 7.4).

Figure 7.4. Summary of electrical conductivity for cross-linked, composite, GG hydrogels as a
function of A) PEDOT:PSS and B) VGCNF loading fraction; measured using electrical
impedance.

To study the fundamental mechanism for conduction, the water content (WC) was
reduced under controlled conditions. By monitoring the Warburg coefficient (µ) as a
function of water content, a decrease was observed in tandem with water removal. As
µ approaches zero (below 90% WC), the gel ceases to be dominated by ionic charge
carriers, suggesting that electron based transport has become dominant (Figure 7.6
A). This is attributed to the formation of a percolative electronic network of carbon
nanofibres and polymer chains with reduced interstitial water content. Below this
percolation threshold, electronic transport is dominant over ionic.
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The electrical characteristics of a PFG hydrogel were monitored periodically during
water removal. The impedance magnitude showed high dependency on water content
with a decrease from 820 Ω to 444 Ω for a WC of 96% and 92%, respectively (Figure
7.5).

Figure 7.5. Electrical impedance magnitude as a function of frequency for varying water
content. All measurements were performed on a 2.5 cm x 1.0 cm x 1.0 cm PFG hydrogel.
Impedance magnitudes were averaged across 100 Hz – 100 kHz.

Equivalent circuit modelling at varying water content showed that Warburg
coefficient values decreased from 50 ± 5 Ω/s1/2 at WC = 92% to 1.0 ± 0.5 Ω/s1/2 at
WC = 87%. The plotted data of Warburg coefficient as a function of water content
has a visible activation point (or threshold); hence, 3-parameter modelling was used
to calculate the electrical percolation threshold, according to equation 5.1.
where µ0 is a scaling factor, WCp is the percolation threshold in terms of water
content, C is a constant, and t is the exponent (Figure 7.6 A). Calculated values
predicted the percolation threshold to occur at 87.2 ±1.2% water content with µ0 =
2.2 ± 0.4 Ω/s1/2 and t = 1.96 ± 0.52. This evidence supports the suggestion that a
173

Conducting Polymer – Carbon
Nanofibre Hydrogels

│7

percolative network of VGCNFs and PEDOT:PSS is formed below this threshold,
i.e. transport dominated by electrons, rather than ionic charge carriers. Figure 7.6 B
shows the corresponding electrical conductivity values as a function of water
content.

The projected conductivity at percolation is 56.7 ± 3.2 mS/cm and, with further
removal of water from the gel (80.9 % water), this increased to 107 ± 6 mS/cm. This
value was compared to other conducting hydrogels with similar water contents
(Figure 7.6 C). The PFG hydrogel system recorded values at least one order of
magnitude higher than other PEDOT:PSS hydrogels and two orders of magnitude
higher than poly(aniline) – poly(acrylamide) composite hydrogels at comparable
water contents.
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Figure 7.6 A) The Warburg coefficient and B) electrical conductivity as a function of water
content for a typical 2.5 x 1.0 x 1.0 cm PFG hydrogel. The solid line is a three-parameter fit of
the Warburg coefficient to equation 7.1. C) Literature comparison of hydrogel conductivity as a
function of water content. Polyaniline-polyacrylamide hydrogels 342,343 (red), PEDOT:PSS
hydrogels 63,317 (yellow), PEDOT:PSS-polyacrylamide hydrogel 43 (orange), poly(methyl
methacrylate) hydrogel 344 (purple), self-assembled graphene hydrogel 336 (black) and GGMWNT hydrogel 345 compared to PFG hydrogels from this study (green).
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7.5. Conclusions:

The electrical, mechanical and rheological characteristics of composite GG
hydrogels containing PEDOT:PSS and carbon nanofibres are described. It was
shown that a commercially available 1.3 % solution of PEDOT:PSS was capable of
efficiently dispersing 10 mg/mL VGCNFs with 2 minutes low energy (6 W output)
sonication. This compares to previous research which required 4 minutes to disperse
the same concentration VGCNFs in a GG solution 295.

An impedance method was used to measure the sol-gel transition temperature of
various hydrogels as they cooled to room temperature in a controlled manner. By
measuring the impedance magnitude as a function of hydrogel temperature, the solgel transition point was found to coincide with the observed rate-change. This data
was in close agreement with an observed rate change in the rheological dynamic
modulus. This electrical impedance method provides a non-invasive, non-destructive
alternative for measuring the temperature dependent sol-gel transition conditions.
Furthermore, there is potential to measure the gelation conditions of hydrogels as a
function of other physical/chemical conditions such as cross-linker concentration and
gelation time.

The electrical conductivity of the composite PFG hydrogel at 97.5% water content
was calculated, using our impedance method, to be 4.0 ± 0.6 mS/cm. An electrical
percolation threshold was identified at 87.2 ±1.2%, below which the conduction was
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shown to transition from ionic-dominated charge carriers to electron dominated
transport. By further decreasing the water content to 80%, this conductivity was
shown to increase to 107 ± 6 mS/cm. This value was shown to be more than one
order of magnitude greater than other conducting hydrogels with similar water
content.

This paper contributes to the development and understanding of conducting hydrogel
materials. The PFG hydrogels pose as a promising potential alternative for current
soft conducting materials in applications such as responsive drug delivery
scaffolds

336,345

, bionic implants

62

, flexible electronics

63,318

343

, tissue

and soft robotic

electrodes 34,67.
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8.1. Conclusions:
The main objective of this thesis was to prepare and characterise soft conducting
hydrogel electrodes containing the biopolymer gellan gum and conducting fillers. A
large focus of research involved method development for electrical characterisation
of dispersions and hydrogels. This entailed first optimising and characterising the
sonication conditions of a wide range of dispersions containing combinations of
multi- and single-walled carbon nanotubes (MWNTs and SWNTs), highly
graphitised vapour-grown carbon nanofibres (VGCNFs), gellan gum (GG) and
PEDOT:PSS.

Previous research which utilised GG solutions as a dispersant for carbon fillers,
showed that a lower mass ratio of GG to SWNTs was required to disperse the CNTs
with sonication than more commonly used surfactants such as sodium dodecyl
sulphate (SDS)

211

. This study, and many others which use biopolymers such as GG

as dispersants for CNTs

97,296,345

, subjected the dispersions to an arbitrary sonication

time without assessing the specific energy requirements for maximum dispersivity
without material damage. This thesis, however, outlined the importance of
optimising the sonication conditions to minimise energy usage and materials damage
(Chapters 3,4 and 5). The efficiency of dispersing VGCNFs, MWNTs and SWNTs at
various carbon filler: GG ratios was studied using UV-visible-NIR spectroscopy and
light microscopy. The emergence of a plateau in absorbance intensity as a function of
sonication energy, coupled with a disappearance of visible aggregated carbon, was
used to define what represented a complete dispersion of the conducting fillers
(Chapter 3).
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VGCNFs were introduced with the aim of finding an alternative conducting carbon
filler to the well-documented carbon nanotube (CNT) fillers. VGCNFs are
considerably cheaper and easier to mass produce than CNTs

108

. VGCNFs had a

superior dispersibility compared to CNTs. This was demonstrated using optimised
carbon filler - GG ratios with comparable carbon volume fractions were chosen for
SWNT-GG, MWNT-GG and VGCNF-GG (Chapter 3). It was shown that 10 mg
VGCNFs could be dispersed with just 30 seconds of low energy sonication (6 W
power). This compared to 8 minutes for 10 mg MWNTs and at least 90 minutes for
10 mg SWNTs also at 6W of power. The loading fraction of the VGCNF-GG system
was increased from 1 mg/mL to 20 mg/mL to show the most efficient dispersion to
be that which contained 10 mg/mL VGCNFs, sonicated for 4 minutes. Previous
research dispersed VGCNFs into various polymers using polymer melt, internal and
chaotic mixing techniques, each of which took considerably longer than 4 minutes
and were found to be destructive to the nanofibres 108,114,147.

The optimised VGCNF-GG dispersion was modified, enabling it to be patterned into
electrically conducting lines, suitable for powering an LED, using a commercially
available fountain pen (Chapter 3). This direct-writing “pen-on-paper” (PoP)
application, with further work, could provide an alternative for the PoP technology
developed by Lewis et al.

180

. Prof Lewis’s studies demonstrated that a silver ink

patterned on a paper substrate with a ball-point pen filled with silver ink could power
simple circuitry such as LED arrays, a 3D antenna and silver micro-electrode arrays
180,346

.
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The next step of this research was to prepare cross-linked hydrogel electrodes from
these optimised dispersions. Chapter 5 described the preparation of MWNT-GG and
VGCNF-GG cross-linked gels. Due to the excessive sonication energy requirement,
SWNT-GG gels were deemed to be impractical for further investigation. These
hydrogels were characterised using rheological, mechanical and electrical
techniques. The need for suitable electrical characterisation techniques for hydrogel
samples led to the development of new, custom-built instrumentation and
methodology for measuring electrical impedance and conductivity of liquid/gel
samples (Chapter 5). By increasing the signal frequency over a wide range (1100,000 Hz), a transition was observed from ion-dominated to electron-dominated
conductivity between 100 and 500 Hz. This allowed for equivalent circuit modelling
of high water-content hydrogels by treating the gel as a Warburg diffusion element in
series with a resistor. Previous studies which reported the electrical conductivity of
hydrogels relied on surface-based measurements 229 or low water-content gels 347.

It was shown that incorporation of the conducting carbon fillers had a reinforcing
effect with increased mechanical and electrical characteristics (Chapter 5). Although
the MWNT-GG dispersion required greater sonication energy for preparation, it used
a lower loading fraction than the VGCNF-GG for comparable electrical conductivity
(2.1 ± 0.4 mS/cm). This conductivity was shown to increase to 7 ± 1 mS/cm with
reduction of water content to 82%.
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In an effort to further increase the conductivity of GG hydrogels, the conducting
polymer PEDOT:PSS was introduced as a filler (Chapter 6). The incorporation of
PEDOT:PSS was shown to result in an order of magnitude decrease in the
rheological properties and an 80% decrease in the mechanical properties, i.e. the
cross-linked GG was dramatically weakened. The electrical conductivity, however,
was increased to 3.15 ± 0.14 mS/cm, 50% higher than was observed for VGCNF-GG
and MWNT-GG hydrogels in Chapter 5.

To expand on studies from chapters 5 and 6, a composite PEDOT:PSS-VGCNF-GG
hydrogel was proposed in Chapter 7. The first step of this study was to reduce excess
water content by directly dispersing the VGCNFs in the commercial PEDOT:PSS
solution. PEDOT:PSS-VGCNF dispersions had not been prepared prior to this
research, however previously studied successful PEDOT:PSS-MWNT dispersions 145
suggested viability. Optimisation studies showed that 15 mg/mL VGCNFs required
just 4 minutes of sonication; this compares to 8 minutes when using GG as the
dispersant. Free-standing films prepared from this PEDOT:PSS-VGCNF dispersion
showed an increase in conductivity; 44 ± 4 S/cm, compared to 23.7 ± 0.6 and 2.6 ±
0.3 S/cm for VGCNF-GG and PEDOT:PSS films, respectively.

Preparing the composite cross-linked PEDOT:PSS-VGCNF-GG hydrogel from this
system resulted in an as-prepared gel conductivity of 4.0 ± 0.6 mS/cm: a 27%
increase from previous highest gel conductivity (at >97% water content) in chapter 5.
Reducing the water content by evaporation caused a dramatic increase in the
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electrical conductivity to 107 ± 6 mS/cm at 81% water content: over 26 times higher
conductivity than full hydration.

A new method for accurately measuring the gelation transition temperature through
impedance analysis was also described in Chapter 7 and the Appendix. It was
demonstrated that the temperature of gelation could be determined within 1 oC
through this non-destructive technique. Other gelation temperature measurement
techniques involving rheology

348

were destructive to the gel sample, causing

shearing effects below the gelation temperature. This method has potential
application as an alternative for measuring the gelation transition temperature of
ionically conducting gels as a function of cross-linking concentration and curing time
for slow-gelling materials 349.

In conclusion, hydrogel electrodes were prepared using the biopolymer gellan gum
and conducting fillers. Electrical conductivity was optimised for gels containing
PEDOT:PSS and carbon nanofibres; however, the most dramatic increases were
observed upon removal of water from the gels through controlled evaporation.
Recorded conductivities for hydrogels containing >80% water were up to 107
mS/cm. This value was shown to be higher than previously studied conducting
polymer hydrogels at similar water content

43,63,317,336,342–345

, which suggests

suitability as an alternative material for many applications including soft robotics.
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8.2. Future Work:
The hydrogel conductivities achieved in this research have potential soft robotic
applications in tactile sensors which rely on impedance responses for a change in gel
length

30,37,350

. Where a mechanical deformation is applied to the material, the

distance between electrodes is shortened and hence, electrical impedance would be
decreased. This allows for location and intensity of the applied force to be known,
which in turn opens up a wide range of possibilities such as advanced robotic fingers
which could feel their surroundings and adjust their stiffness accordingly. Further
optimisation is required for other components such as an electronic eyeball cameras
or deformable light-emitting displays, which require higher conductivities than
demonstrated 351.

To apply these soft conducting materials to soft robotic functions, further research is
required to achieve appropriate mechanical properties. Double network (DN)
hydrogel preparation techniques offer a potential for mechanical compliance
matching of conducting hydrogels to their desired specifications 34,318,352.

Another potential application for conducting hydrogel materials lies in the field of
bionics. Polysaccharides such as gellan gum have been used in recent years as
scaffolds for tissue engineering. Electrical conductivity of these scaffolds would
serve to promote and control cell growth and behaviour

353,354

. For this potential

application however, extensive bio-compatibility studies are required; these were
beyond the scope of this research.
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Appendix A

Enhanced Gelation Properties of Purified Gellan Gum

This chapter has been adapted from the article published in Carbohydrate Polymers,
2014, 388, 125-129.
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A. Enhanced gelation properties of purified gellan gum

Damian Martin Kirchmajer1,2, Benedikt Steinhoff1, Holly Warren1, Ross Clark3,
Marc in het Panhuis1,2*

A.1. Abstract

Gellan gum is a hydrogel-forming polysaccharide when combined with monovalent
or divalent cations such as sodium, magnesium, potassium or calcium.
Commercially, gellan gums are sold with trace amounts of these cations, which have
been proven to affect the gelation and mechanical properties of the resultant
hydrogels. A new method based on impedance analysis for determining the gel
transition temperature of purified and un-purified gellan gum is presented. The
sodium salt form of gellan gum is shown to have lower dissolution and gel transition
temperatures.
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A.2. Introduction

Gellan gum is a anionic polysaccharide hydrogel-forming polymer produced from
the bacteria Sphingomonas elodea

355

. Structurally, it comprises a tetrasaccharide

repeat unit of two β-D-glucoses, one β-D-glucuronate, and one α-L-rhamnose

197

(Figure 10.1Figure). Gellan gum is available commercially under the trade names
GelriteTM and KelcogelTM in “high acyl” and “low acyl” forms with the high acyl
form being the native state32. The low acyl gellan gum is prepared via alkali
treatment of the native gellan gum and is distinctively different in its gelation
behaviour and mechanical properties

356

- high acyl gellan gum will form a gel upon

cooling from 65°C creating a flexible, soft hydrogel while low acyl gellan gum will
form a gel upon cooling below 40°C creating a rigid and brittle hydrogel 357.
In recent years, low acyl gellan gum has become an attractive biopolymer for
applications in tissue engineering as a cellular scaffold because it resembles the
natural extracellular matrix (ECM) and is bio-inert

208,358,359

. Gellan gum has also

been used as an injectable and printable matrix for cellular therapies and 3D tissue
scaffold fabrication

102,207,360

. There is therefore potential for gellan gum based

materials to be used for computer aided tissue engineering 3,361.
Gellan gum, like many anionic polysaccharides forms a physical gel by undergoing a
random coil to double helix transition upon cooling

197

. Stronger gels are formed if

cations are present during the sol-gel transition 197. In this case, divalent cations form
particularly strong gels through the aggregation of helixes and monovalent cations
form intermediate strength hydrogels through electrostatic interactions with
carboxylate groups

197

. The presence of divalent cations also inhibits the ability of
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the un-hydrated gellan gum to become hydrated

362

. In the food industry, it is

common practice to add calcium sequestrants (citrates and phosphates) to water to
improve the ability of low acyl gellan gum to be hydrated363. The presence of cations
in commercially provided gellan gum is ordinarily minimal and may not impede their
use in food and pharmaceutical applications. However, very small amounts of
calcium present in commercial gellan gums may still affect the more sophisticated
chemistries used to modify gellan gum for tissue engineering applications32. Calcium
may also affect the gel transition temperature so significantly that it precludes it from
being utilised in rapid prototyping technology.
A method for the rapid purification of gellan gum was established two decades ago
which employed an ion-exchange resin to capture the cations present in commercial
gellan gum356,362. They reported that after purifying the gellan gum of divalent
cations, the acid form gellan gum could be converted to a monovalent salt using a
corresponding hydroxide salt. Sodium or potassium gellanate salts were able to be
hydrated at much lower temperatures and formed gels of comparable strengths to unpurified gellan gum hydrogels 356,362.
The research reported herein elaborates on Doner’s

356,362

purification method, and

provides quantitative information regarding the concentration of sodium,
magnesium, potassium and calcium ions before and after purification; the
temperature of hydration and gel transition temperature; and the mechanical
properties of hydrogels prepared from purified and un-purified gellan gum solutions.
In this paper, we present a new method based on impedance analysis for determining
the gel transition temperature of purified and un-purified gellan gum. Rheological
and mechanical compression results are reported.
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Figure 10.1. a) The tetrasaccharide repeating unit of acid-form gellan gum. When deacylated,
the indicated acetyl and glyceryl units are removed. b) Photograph of the PVC mould and a
typical gellan gum hydrogel sample used for mechanical testing.

A.3. Materials and Methods

All reagents used in these experiments were AR Grade or better with inorganic
contaminants present at 0.01% or lower. Deionised water (DI water) was prepared
using a combination reverse osmosis and ion exchange filter (Millipore, Australia) to
a resistivity of 18.2 MΩ.cm. All glassware was soaked in 10% (v/v) hydrochloric
acid (Ajax Finechem, Australia) for 24 hours prior to use to minimise contamination
of the purified products and also to minimise contamination during inorganic
elemental analysis. Purified gellan gum was prepared from low acyl gellan gum
(GELZAN-CM, Lot #1/1443A, CP Kelco, Singapore, pKa = 3.5 ± 0.2, molecular
weight ~200 kDa, 0.2% remaining acyl substituents) which was generously gifted
from CP Kelco.
A.3.1. Moisture content

The moisture content of un-purified gellan gum was determined using an infrared
moisture determination balance (AD-4712, A&D Company Ltd., Australia). A 5 g
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sample of gellan gum was heated on the balance to 80˚C and weighed periodically
until a steady mass was attained.

A.3.2. FTIR spectroscopy

FTIR spectroscopy of dried samples was performed using a diamond attenuated total
reflectance spectrometer (IRAffinity-1, Shimadzu, Japan) with 2 cm-1 resolution and
Happ-Genzel apodisation.

A.3.3. Purification of gellan gum

Gellan gum (3 g) was dissolved in 300 mL of DI water at 80˚C whilst being stirred
by an overhead mixer (RW 20, IKA, Australia) for 10-15 minutes at 300 rpm. Once
dissolved, the gellan gum solution was cooled to 60˚C before adding 8 g of cation
exchange resin (50WX8 DOWEX, Sigma Aldrich, USA). The mixture was stirred
for 30 minutes at 60˚C before stirring was stopped and the resin was allowed to settle
(pH 2.2). The supernatant was then decanted and filtered (grade 165, Filtech,
Australia) into a chilled reservoir containing 300 mL of 2-propanol (Ajax Finechem,
Australia) with rapid stirring whereupon fibrous agglomerates of acid-form gellan
gum (A-GG) precipitated. The A-GG was recovered from the 2-propanol solution
using vacuum assisted filtration and freeze-dried (Alpha 1-2LDplus, Christ,
Germany) for 48 hours to remove residual water and 2-propanol.
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The purified gellan gum sodium salt (Na-GG) was prepared in the same manner
described above excepting that the supernatant, after being decanted, was neutralised
with ~10 mL 0.4 M standardised NaOH solution until the pH of the solution reached
7.4 (826 pH-Mobile pH meter, Metrohm, Australia). After being neutralised, the
supernatant was precipitated into 2-propanol and freeze dried as previously
described.

A.3.4. Atomic absorption spectroscopy

Atomic absorption spectrometry of gellan gum samples was performed using a flame
atomisation atomic absorption spectrometer (flame-AAS, Spectra AA 220FS, Varian,
Australia) with hollow cathode lamp light sources for sodium (589.6 nm), potassium
(769.9 nm), calcium (422.7 nm) and magnesium (285.2 nm), and an air/acetylene
oxidant/fuel mixture.

Samples, blanks and calibration standards were prepared with a 5% (v/v) sulfuric
acid matrix with CsCl (Sigma Aldrich, USA) added as ionisation suppressant.
Calibration standards were prepared from certified multi-element standard solution
(Lot #A2-MEB2366019, Inorganic Ventures, Australia). Samples were digested prior
to analysis as follows: Approximately 1.00 g of sample was weighed and transferred
quantitatively into a 150 mL Erlenmeyer flask. 5.0 mL of concentrated sulfuric acid
(Ajax Finechem, Australia) was then added, followed by heating until the solids
dissolved and the solution turned dark brown and started to fume. Hydrogen peroxide
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(30% v/v, Ajax Finechem, Australia) was then added drop-wise until the solution
turned clear. The solution was then allowed to cool to room temperature before
having 16 mL of 12.6 mg/mL CsCl solution was added. The solution was then
diluted to 100 mL with DI water, mixed thoroughly, and measured within the day.

A.3.5. Gel transition temperature

The gel transition temperature for solutions of GG and Na-GG was assessed using a
custom-designed electrical impedance instrument as well as a rheometer (Physica
MCR-301, Anton Paar, Australia) in rotation mode. For electrical impedance
analysis, hot gel solutions were poured into rectangular plastic troughs (1 cm x 1 cm
x 4.5 cm) with reticulated vitreous carbon foam electrodes (foam structure with 20
pores per inch, relative density 3% or void volume 97%, resistivity 0.323 Ω.cm, ERG
Aerospace, USA) placed at either end such that the distance between the electrodes
was 2.5 cm. The impedance analysis was performed by applying 1 V peak voltage
and alternating current signals from a waveform generator (U2761A, Agilent, USA)
to a circuit comprised of the gel sample cell and a 10 kΩ resistor in series while the
temperature was measured simultaneously with a digital thermometer probe (Jaycar
Electronics, Australia). Impedance across the gel sample cell for frequencies ranging
from 100 Hz to 100 kHz were measured as the gel cooled using an oscilloscope
(U2701A, Agilent, USA). The gel transition temperature is defined as the point
where the slope of the impedance divided by the temperature of the gel changes from
one constant to another.
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For rheometry based measurements, hot gel solution was sandwiched between a
temperature controlled stage (Jaluba, AWC 100) and 50 mm diameter and 1° cone
(CP50-1, Anton Paar, Australia) with a gap length of 0.097 mm. The sample was
then sheared in rotation at a shear rate of 100 s-1, while the temperature controlled
stage was cooled from 70°C to 20°C at a rate of 5°C.min-1. The temperature of
gelation was determined graphically, as the temperature at the point where viscosity
started the increase dramatically.

A.3.6. Compressive mechanical analysis

Hydrogel samples for mechanical analysis were prepared by dissolving gellan gum in
DI water at 80°C for 30 minutes with gentle stirring followed by addition of 1 M
NaCl solution

to a concentration of 100 mM or 0.5 M CaCl2 solution to a

concentration of 5 mM. The hot gel solutions were then poured into moulds (17.5
mm diameter x 10 mm high, PVC rings) and cooled to 21°C to form firm hydrogels.
Samples were compressed at a rate of 1 mm.min-1 at 21˚C using a universal
mechanical testing apparatus (EZ-S, Shimadzu, Japan). The resulting stress-strain
data was used to determine the compressive failure strain (εc), compressive secant
modulus over 20% - 30% strain (Ec), compressive failure stress (σc) and compressive
strain energy to failure (U).
The swelling ratio (SW) of hydrogels were calculated as the mass of the swollen
hydrogel (ms) divided by the mass of the dried hydrogel (md).
qr

st
su

.,

(10.1)
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A.3.7. Statistical treatment of data

Unless otherwise stated, the errors presented herein are the standard deviation of at
least three measurements.

A.4. Results

A.4.1. Purification of gellan gum

As supplied, the un-purified gellan gum (GG) was a beige coloured powder which
dissolved slowly at a concentration of 1% (w/v) at 80°C in DI water to a produce
clear, pale yellow solution from which hydrogels of gellan gum could be prepared by
cooling the solution to room temperature (21°C). The moisture content of un-purified
GG was found to be 1.1 ± 0.2%.

A procedure based on the method described by Doner

362

was used to purify the

gellan gum to produce the acid-form gellan gum (A-GG) with an average yield of 58
± 2%. This indicates that a significant amount of A-GG may have been lost during
transferring and filtration. After drying, the A-GG was in the form of a dry, paperlike fibrous mat which was beige in colour. The solubility of the A-GG in DI water
was especially poor and would not dissolve at a concentration of 1% (w/v) at 80°C
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like GG did. We suggest that this may be because the neutral acid form of gellan
gum is less polar than the carboxylate salt form which is present to some extent in
commercial gellan gum. Review of the FTIR spectra of GG and A-GG indicates that
the peak at 1740 cm-1 is only apparent in the A-GG spectrum which is typical of the
carbonyl stretching mode of carboxylic acids. This peak is replaced by one at 1600
cm-1 in the GG and Na-GG spectra which is typical of the carbonyl stretching mode
of a deprotonated carboxylic acid. This suggests that during the purification process,
GG became acidified and the cations were stripped away from the carboxylate
groups (Figure 10.2). This hypothesis is also supported by the observation that
addition of a small amount of sodium hydroxide (which changes the acid form gellan
gum to the sodium carboxylate salt of gellan gum) drastically improved the solubility
and clarity of A-GG solutions.

Acid-base titration of A-GG using standardised potassium hydroxide solution (0.01
M, Sigma Aldrich, USA) were conducted to determine the number of cation binding
sites available to interact with cations such as Na+, Mg2+, K+ and Ca2+. The number
of cation binding sites was determined to be 1.27 ± 0.08 mmol.g-1 which is
marginally less than the theoretical number cation binding sites (1.55 mmol.g-1). The
purified sodium salt form gellan gum (Na-GG) was prepared with an average yield of
64 ± 6% which is comparable to that previously reported 356,362. In contrast to A-GG,
the dried product was white and dissolved very quickly and easily at a concentration
of 1% (w/v) at 80°C.
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Figure 10.2. ATR-FTIR spectra of GG, Na-GG and A-GG.

A.4.2. Elemental analysis of impurities

Elemental analysis of A-GG indicates that the purification method effectively
removed Na, Mg, K and Ca from GG. The concentration of Na, Mg, K and Ca in
GG, A-GG and Na-GG were measured using Flame-AAS (Table 10.1). The analysis
revealed that an appreciable amount of Na, K and Ca was present in the commercial
GG which accounts for approximately 6.4% of the dry weight of GG and would be
expected to occupy a large proportion of the available cation binding sites. Of
particular significance is the concentration of Ca in commercial GG (0.34 ± 0.06
mmol.g-1) which is known to form strong associations with the cation binding sites in
gellan gum 197.
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The concentration of Na, Mg, K and Ca present in the A-GG and Na-GG samples
were significantly lower than those found in GG (Table 10.1) which attests to the
efficacy of the purification methods. The concentration of Mg and Ca in A-GG and
Na-GG were both reduced to below the limit of detection for the method (0.013
mmol(Mg).g-1 and 0.01 mmol(Ca).g-1, respectively). With respect to Na-GG, Mg2+
and Ca2+ were replaced mainly by Na+ and to a smaller extent K+; the aggregated
concentration of Na and K (1.35 ± 0.05 mmol.g-1) approximately equals the
previously measured number of cation binding sites (1.27 ± 0.08 mmol.g-1). At
present it is not clear why the concentration of K increases during the conversion of
A-GG to Na-GG.

Table 10.1. Concentration of metal cations in GG, A-GG and Na-GG (±SD). *These
concentrations were below the limit of detection for these elements.

Concentration

GG

mmol (Na).g-1

0.24 ± 0.06

-1

mmol (Mg).g

0.048 ± 0.003

-1

1.14 ± 0.01

-1

0.34 ± 0.6

mmol (K).g

mmol (Ca).g

A-GG

Na-GG

0.0044 ± 0.0004 1.09 ± 0.04
< 0.013*

< 0.013*

0.0240 ± 0.0006 0.26 ± 0.03
< 0.01*

< 0.01*

A.4.3. Dissolution temperatures

Purified Na-GG was observed to dissolve at lower temperature than GG or A-GG.
The temperature at which 1% (w/v) mixtures of GG, A-GG and Na-GG would
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dissolve was examined by slowly warming the mixtures from 5°C to the temperature
where solutions ceased to be turbid. According to technical data from CP Kelco
GG requires heating to approximately 80°C for full dissolution

364

357

,

, however we

observed that the 1% (w/v) solution of GG went from turbid to clear at a temperature
of 57 ± 3°C. A-GG was observed to be completely insoluble even at temperatures up
to 90°C; this observation was also noted in Doner’s previous experiments

356,362

. It

was possible to prepare a clear solution of A-GG by boiling at ~ 96°C, however it is
likely this occurred because the gellan gum was depolymerising to a lower molecular
weight. Na-GG was observed to dissolve at a temperature of 39 ± 4°C.

A.4.4. Impedance analysis of gel transition temperatures

A new method using a custom-designed electrical impedance apparatus was used for
determining the gel transition temperature of 1% (w/v) GG and Na-GG with no
added cross-linker, 100 mM Na+, and 5 mM Ca2+ (these concentrations are typical
cross-linker concentrations for the formation of firm gellan gum hydrogels 197,365). In
this method, a gel solution was placed in between two electrodes and slowly cooled
while the electrical impedance and temperature were measured simultaneously. As
the solution cools, the ion mobility decreased and the electrical impedance increased
at a linear rate. The gelation event is apparent by a distinct change in the rate of
change of electrical impedance, i.e. from 14 ± 1 Ω °C-1 to 60 ± 3 Ω °C-1 (Figure 10.3
a). Using this method, the temperature of gelation for 1% (w/v) Na+ and Ca2+ crosslinked GG and Na-GG were determined (Table 10.2).
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The gel transition temperature of Na-GG was observed to be lower than that of GG,
regardless of the cross-linking cation used. Samples which were cross-linked with
100 mM sodium possessed the highest gel transition temperature of 46 ± 2°C and 45
± 2°C for GG and Na-GG, respectively. Gellan gums which were cross-linked with 5
mM calcium possessed an intermediate gel transition temperature of 37 ± 2°C and 36
± 2°C for GG and Na-GG, respectively. Gellan gums which were not cross-linked
with cations also exhibited a gel transition at 30 ± 2°C and 29 ± 2°C (GG and NaGG, respectively).

For comparison, the gel transition temperature was also measured using a rheometry
based method. In the rheometric analysis, samples of gel solution were sandwiched
between a temperature controlled stage and a rotating cone. While the temperature
dropped, the viscosity of the gel solution was measured and the gelation event was
apparent when the viscosity increased dramatically (Figure 10.3 b). There was
excellent agreement between the two methods (Table 10.2). This indicates the
validity of the impedance method.

Table 10.2. Gel transition temperatures of GG and Na-GG with either Na+, Ca2+ or no added
cross-linking ions. Timpedance and Trheometric indicate the gel transition temperatures determined
using the electrical impedance method and rheometric method, respectively. *Timpedance could not
be determined for those samples as the gel transition temperature was below the minimum
measureable temperature.

Added cross-linker Timpedance Trheometric
None
*
29.5 ± 2.0
GG
+
GG
Na
44 ± 1
46 ± 2
GG
Ca2+
37 ± 1
37 ± 2
None
*
28.5 ± 2.0
Na-GG
Na-GG
Na+
44 ± 3
45 ± 2
Ca2+
36 ± 1
35.5 ± 2.0
Na-GG
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Figure 10.3. Gel transition temperature determinations of a typical Na-GG solution cross-linked
with 5 mM Ca2+. a) average electrical impedance between 100 Hz and 100 kHz as a function of
temperature b) viscosity at 100 s-1 as a function of temperature. Straight lines are linear fits of
the data.

A.4.5. Mechanical analysis

Hydrogels prepared from Na-GG were observed to be weaker and less stiff than
those prepared from GG. The purified form of gellan (Na-GG, without added

224

A│

Enhanced Gelation of
Purified Gellan Gum

crosslinkers) did not form gels that could be analysed. The mechanical properties of
hydrogels prepared from 1% (w/v) solutions GG and Na-GG which were crosslinked with either 100 mM Na+ or 5 mM Ca2+ were examined using compressive
mechanical analyses (swelling ratio of all hydrogels was 101). Calcium cross-linked
hydrogels were observed to have higher compressive stress to failure and secant
moduli than sodium cross-linked hydrogels for both purified and un-purified gellan
gums (Table 10.3). In Doner’s previous report

362

, it was remarked that hydrogels

prepared from the purified Na-GG were of comparable strength to the unpurified
gellan gum. However, Doner used different brands/grades of gellan gum (Phytagel
from Sigma Chemical Company and GelGro from ICN Biochemicals) which may
have had different degrees of acetylation and molecular weights which would be
expected to effect the gelation behaviour and gel strength362. Also, the cross-linker
concentrations stated are the nominal concentrations resulting from direct addition of
Na+ or Ca2+ solution; the concentration of Na+ and Ca2+ which were already present
in GG were not taken into consideration for these measurements.

Figure 10.4: Typical compressive stress-strain curves of hydrogels prepared from GG and NaGG prepared using 100 mM Na+ and 5 mM Ca2+ nominal cross-linker concentrations.
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Table 10.3: Compressive mechanical properties of hydrogels prepared from GG and Na-GG
(100 mM Na+ and 5 mM Ca2+ nominal cross-linker concentrations were used). SW – swelling
ratio, εc - compressive failure strain, Ec - compressive secant modulus over 20%-30% strain, σc compressive failure stress and U - compressive strain energy to failure, *where samples
fractured for less than 30% strain, the average modulus over 0-25% strain is presented.

GG (Na+ cross-linked)
2+

GG (Ca cross-linked)
+

Na-GG (Na cross-linked)

SW

σc
(kPa)

101 ± 2

30 ± 5

εc
(%)

Ec
(kPa)

U
(kJ.m-3)

34 ± 3 114 ± 5

4±1

101 ± 2 130 ± 20 61 ± 3 108 ± 2

28 ± 4

101 ± 2

10 ± 1

35 ± 2

Na-GG (Ca cross-linked) 101 ± 2

19 ± 1

25 ± 1 78 ± 3* 2.3 ± 0.2

2+

41 ± 2

1.5 ± 0.2

A.5. Conclusions

In this paper, a new impedance method for determination of gel transition
temperature for commercial gellan gum and purified gellan gum was presented.
Commercial gellan gum was shown to possess inorganic cations which affected its
dissolution and gelation behaviour as well as the mechanical properties of resultant
hydrogels. Purified gellan gum was dissolved fully at approximately 39 ± 4°C and
could form a firm hydrogel at approximately the same temperature (36 ± 2°C) in the
presence of Ca2+ ions. The gel transition temperatures for both commercial and
purified gellan gum was higher for gels cross-linked with Na+ compared to Ca2+.
This paper demonstrates that impedance analysis can be used to provide insights into
the gelation behaviour of gel materials containing ions.
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